THIS WE 


WORLD VIEW China should end 
its worship of academics and 
boost vocational skills p.381 


EDITORIALS 


MATERIALS A flexible electronic 
skin that lights up when 
touched p.382 


WORTH THE WAIT Tar - pitch 
droplet captured dripping 
after 69 years p.384 


Plastic fantastic 


Aresurgence in organic technology is set to transform the world of electronic devices, offering a 
way to give the very fabric of life enhanced functionality. 


linear. The common view that promising discoveries need only 

patience, hard work and money to attain commercial success 
is seldom correct. Often, all kinds of technical, economic and social 
drivers must also coincide. So forecasts of fortune may fail and fade, 
only for the idea to re-emerge when the climate is more favourable. 

Such a resurgence is now under way in organic electronics, in which 
polymers and other organic molecules are the active materials in infor- 
mation processing. Hideki Shirakawa discovered in the late 1960s that 
insulating plastics in the form of polyacetylene films could be made 
to conduct electricity. Chemists Alan Heeger and Alan MacDiarmid 
collaborated with Shirakawa in 1976 to boost the material’s conductiv- 
ity by doping with halogens, and went on to make a ‘polymer battery. 

Greeted enthusiastically by some firms, this early work soon stalled 
— the polymers were too unstable and difficult to process, and their 
properties were hard to control and reproduce reliably. The situation 
changed in the late 1980s, when Richard Friend and co-workers at the 
University of Cambridge, UK, found that poly(p-phenylene vinylene) 
could conduct without doping and could be stimulated to emit light, 
paving the way for polymer light-emitting diodes. It began to seem 
possible that such substances could be used to make lightweight, flex- 
ible devices through simple printing and coating techniques. 

The synthesis of gossamer-thin organic electronic circuits by Mar- 
tin Kaltenbrunner at the University of Tokyo and his colleagues (see 
page 458) is the latest example of the ingenuity driving this field. Their 
devices elegantly blend new and old materials and techniques. The 
substrate is a 1-micrometre-thick plastic foil; organic small molecules 
provide the semiconductor for the transistors; other organic molecules 


r Vhe transition from basic science to practical technology is rarely 


and alumina make up the insulating layers; and the electrodes are 
ultrathin aluminium. The plastic films — 27 times lighter than office 
paper — can be crumpled like paper and stretched to more than dou- 
ble their length without impairing the device's performance. Adding 
a pressure-sensitive rubber layer produces a touch-sensing foil that 
could serve as electronic skin or in medical prostheses. 

Wearable and flexible devices have recently made great strides, pro- 
pelled in particular by the work of John Rogers’ group at the University 
of Illinois at Urbana-Champaign. Made from materials that biode- 
grade safely, such devices can now be printed on or attached directly 
to human skin. The possibilities for in situ monitoring of wound care, 
tissue repair, brain and heart function, and drug delivery are phe- 
nomenal; the challenge is for medical procedures to keep pace with 
the technology. Such applications show that organic electronics com- 
plements silicon logic, taking information processing into areas that 
silicon will never reach. 

These technologies seem potentially transformative — more so on 
current showing than graphene. The latest work continues the trend 
towards a smart environment in which all kinds of functionality are 
invisibly embedded. What happens when clothing, money and even 
flesh and blood can receive, process and send information; when the 
fabric of daily life can be turned, unseen, into a computing and sens- 
ing device? Most narratives currently dwell on fears of surveillance or 
benefits of round-the-clock medical checks and diagnoses. But past 
experience should teach us that technologies don't simply get superim- 
posed on the quotidian — they both shape and are shaped by human 
behaviour. Whether or not we get what is good for us, it probably won't 
be what we expect. = 


Antibiotic threat 


Inthe fight to combat antibiotic resistance, 
researchers should strengthen their advocacy. 


rise in awareness among policy-makers and the public (see 
Nature 495, 141; 2013). This is largely because of the advocacy 
of researchers, who have urged that the problem be tackled imme- 
diately. But antibiotic resistance is a multifaceted global issue, and 
a coordinated international effort will be needed to maintain the 
pressure to act. 
Some relatively simple interventions could impede the march of 
resistance and buy time for research responses — such as advising 
physicians not to give unnecessary prescriptions of antibiotics, and 


r Vhe growing threat of antibiotic resistance has seen a notable 


limiting antibiotic use in livestock for growth promotion (see page 398). 
But experience has shown how difficult it is to change the expectations 
of patients and physicians, and agriculture lobbies are not going to give 
up the use of antibiotics without a fight. Attaining even the low-hanging 
fruit will therefore be a hard-fought battle that will need persistence. 

Yet that call is increasingly being heard (see page 394), and the time 
is ripe for galvanizing sluggish political will. International public- or 
animal-health agencies and national authorities are now fully aware of 
the looming threat, and the World Health Organization in particular 
has been active in sounding the alarm (see go.nature.com/tzwdmz). 
Furthermore, antibiotic resistance seems to be moving up the agenda 
of research funders, although much remains to be done to increase the 
overall level of funding and to ring-fence it — specifically for research 
into discovering and developing new antibiotics. 

Researchers must continue to lobby politicians, funding agencies 
and the pharmaceutical industry over the need to implement effective 
means to curtail the rampant spread of resistance, and to address the 
glaring dearth of new antibiotics in the drug-development pipeline. m 
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WORLD VIEW jecnsicor sen 


job-hunting season in the nation’s history. As of April, 

seven out of ten students in their final year had not signed 
an employment contract. Last autumn in the northern Chinese city 
of Harbin, 2,954 graduates and 29 with a higher degree applied for 
457 jobs to be street cleaners. 

The situation in China seems typical of a worldwide trend in which 
the economic slump has seen the title of ‘graduate’ become almost 
synonymous with ‘soon-to-be unemployed. Yet this bleak outlook for 
Chinese college graduates is happening as the country heads towards 
a period of labour shortage. The legacy of China's one-child policy 
combined with recent economic growth has created a demand for 
workers and a dwindling supply. 

In Guangdong province, the shortfall of skilled factory workers rose 
to more than a million people this year. Mean- 
while, Chinese teenagers continue to enrol in 
universities, lured by the promised rewards of 
an academic qualification in science or other 
subjects. 

The Chinese people have long believed that 
higher education is a way to reach the top of the 
country’s pyramid-shaped social structure and 
join the elite ranks of officialdom: a Confucian 
slogan for education is “he who excels in study 
can follow an official career”. But whereas aca- 
demic education is valued, vocational education 
is held in deep and wide contempt. Vocational 
students are usually seen as the losers of edu- 
cation, even by themselves and their parents. 
Furthermore, the Chinese government sees US 
innovation as a product of that country’s education system and has set 
US higher education — with its heavy focus on academic achievement 
over useful skills — as an example to follow. Yet China’s production- 
oriented economy does not need more graduates with pieces of paper 
to proclaim how clever they are. It needs more well-trained workers. 

China began a centrally planned college-development programme 
in 1998. The number of undergraduate students soared from just over 
one million that year to almost seven million in 2013. The target was to 
develop world-class academic universities that would be judged by their 
ranking in national and international league tables of research perfor- 
mance. Many Chinese vocational schools, which previously trained 
students to prepare for blue-collar work, were merged into these kinds 
of university. In a single generation, China's higher-education system 
shifted from being measured by the skill of the students it sent into soci- 
ety to being measured by the quantity and quality 
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CHINA MUST 


NO LONGER 
LOOK DOWN 
ITS NOSE AT 


VOCATIONAL 
EDUCATION. 


China needs workers 
more than academics 


As it faces a glut of unemployed graduates despite labour shortages, China 
should end its worship of qualifications over skills, argues Qiang Wang. 


articles published by China-based authors in Nature-branded journals, 
for example, increased from 12 in 2000 to 303 in 2012. However, this 
deliberate unbalancing of higher education has also created a genera- 
tion of students who are over-educated and under-skilled. 

Many young Chinese people with a degree are in jobs that do not 
require one. And students with master’s and PhD degrees are finding 
it even harder than graduates with lower degrees to find employment. 
Statistics from the Department of Education of Guangdong show that 
the employment rate of postgraduates in the region has been lower 
than that of undergraduates since 2006. At the same time, a shortage of 
skilled workers in China has led to salary inflation. Between 2009 and 
2010, the labour cost in the Pearl River delta and Yangtze River delta, 
two Chinese manufacturing centres, has risen by 20-25%, and nation- 
ally the average minimum wage has risen by 12%. In 2012, migrant 
workers earned an average of 2,290 renminbi 
(US$374) per month, a higher salary than 69% 
of that year’s college graduates. 

If the situation is not addressed, the problem 
will grow more severe. China should look not to 
the United States but to Germany, which has a 
long tradition of balancing academic and voca- 
tional education. In Germany, more than half of 
all high-school students go into technical and 
vocational education and training, which inte- 
grates work- and school-based learning to prepare 
apprentices for full-time employment. Most Ger- 
man universities focus more on teaching than on 
research, which tends to take place in independent 
institutes that are embedded in academic clusters. 

Through creating well-trained employees, Ger- 
man higher education is widely recognized as contributing not only to 
the success of Germany’s export-dependent economy, but also to alow 
rate of youth unemployment (7.6%). By comparison, over the past 5 
years in the United States, youth unemployment has risen more than 
in previous recessions and is currently more than 16%. It should also 
be pointed out that German manufacturing workers make around 30% 
more per hour than those in the United States ($47 compared with $36). 

The revival of vocational education is crucial to rebalance higher edu- 
cation in China. Community colleges should become vocational schools 
in manufacturing centres, and private investments — guaranteed by the 
government — should be used to build new vocational schools. 

China must no longer look down its nose at vocational education. 
The Chinese economy needs it, and the country’s bright young people 
deserve more than a certificate and a handshake for their efforts. = 


Qiang Wang is director of the Western Research Center for Energy 
and Eco-Environmental Policy at the Xinjiang Institute of Ecology and 
Geography, Chinese Academy of Sciences, Urumgi, China. 

e-mail: giangwang7@gmail.com 
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Selections from the 
scientific literature 


RESEARCH HIGH 


Skin that glows 
on touch 


A flexible electronic skin, or 
e-skin, lights up instantly in 
response to touch. 

A team led by Ali Javey at 
the University of California, 
Berkeley, manufactured the 
e-skin by layering carbon 
nanotube transistors, light- 
emitting diodes (LEDs) and 
pressure sensors. The authors 
made a 3.5- by 3-centimetre 
patch of e-skin that lights up 
where pressure is applied — 
the higher the local pressure, 
the brighter the LEDs. The 
researchers suggest that the 
technology could be modified 
to respond to sensations other 
than pressure and may have 
applications in interactive 
displays, robotics and health 
monitoring. 

Nature Mater. http://dx.doi. 
org/10.1038/nmat3711 (2013) 


Mould optimized 
for gene mixing 


Some moulds boost their 
genetic diversity by pumping 
DNA through sprawling 
networks of fungal fibres. 
Unlike plants and animals, 
certain fungi form colonies 
of interconnected cells with 
mobile, genetically distinct 
nuclei ina common cytoplasm. 
Marcus Roper at the University 


Sea birds scent home 


Scent helps Cory’s shearwaters to navigate long 
distances over featureless oceans. 

Anna Gagliardo at the University of Pisa in 
Italy and her team deprived eight shearwaters 
(Calonectris borealis; pictured) of their sense of 
smell by washing their nasal cavities with a zinc 
sulphate solution. The authors attached magnets 
to the heads of eight more birds to disrupt any 
natural magnetic sense, and used another eight 
not subject to sensory manipulation as controls. 


of California, Los Angeles, 
and his colleagues tagged 
nuclei of the red bread mould 
Neurospora crassa with either 
green or red fluorescent 
proteins (pictured) and 

then monitored how the 
nuclei moved through fungal 
filaments, which branch and 
fuse into a hyphal network. The 
team found that fluids push 
nuclei through the tiny tubes 
at a rate of 3 millimetres per 
hour, supplying the tips of the 
network with a diverse mix of 
DNA. The network's structure 
enhances hydraulic flow, boosts 
nuclear mixing and could help 
fungi to recombine genes to 
create more robust mould, the 
authors say. 

Proc. Natl Acad. Sci. USA 
http://dx.doi.org/10.1073/ 
pnas.1220842110 (2013) 


382 | NATURE | VOL 499 | 25 JULY 2013 


All animals were tagged and released around 


800 kilometres from their home colony. The 


CANCER RESEARCH 


Tumour lines are 
not all equal 


The cell lines that researchers 
routinely turn to when studying 
ovarian cancer are not the best 
genetic match available. 
Nikolaus Schultz and his 
team at the Memorial Sloan- 
Kettering Cancer Center in 
New York screened 47 cell lines 
used to model ovarian cancer. 
The researchers compared 
the models with samples of 
human ovarian cancer in terms 
of gene expression, genetic 
duplications and mutations. 
Many frequently used lines 
were quite different from the 
most common and lethal 
cancer types. For example, two 
cell lines most often used as 
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control birds and seven of those carrying 
magnets returned to the colony within a few 
days. Just two of the smell-deprived birds made it 
home within the breeding period, and only after 
following long, tortuous paths. The researchers 
suggest that shearwaters navigate by an odour- 
based map, and not by geomagnetic fields. 

J. Exp. Biol. 216, 2798-2805 (2013) 


tumour models did not contain 
mutations in a gene that is 
typically altered in ovarian 
cancers. Less-used lines were 
deemed better matches. The 
analysis will help researchers to 
choose the most-relevant lines 
for testing potential cancer 
drugs, the authors say, and the 
approach could be used for 
other tumour types. 

Nature Commun. 4, 2126 (2013) 


ASTRONOMY 


Stellar ice hints at 
planet birth 


A ‘snow line’ in the gas-rich 
disk around a young star 
shows how far from the star 
carbon monoxide freezes, and 
so where planets are likely to 
form. Carbon monoxide ice 


ROBIN CHITTENDEN/FLPA 


PATRICK HICKEY/UCLA 


SEVEN DAYS nescnsn 


POLICY 


Embryo bans lifted 
On 16 July, the French 
National Assembly approved 
legislation to permit research 
on human embryonic stem 
cells and embryos. The 
decision, which fulfils a 2012 
campaign pledge by President 
Francois Hollande, was 
backed largely by the socialist 
majority and opposed by 
conservatives. Such research 
was previously banned, with 
some exceptions for work 
promising “major therapeutic 
progress” for serious diseases 
(see Nature 469, 277; 2011). 
Although the ban has now 
been lifted, research will be 
strictly regulated by the French 
Biomedicine Agency. 


Carbon tax scrapped 
Australia will shift from a 
carbon tax to an emissions 
trading system for greenhouse 
gases one year ahead of 
schedule, announced Prime 
Minister Kevin Rudd on 

16 July. The government said 
that it was abandoning the 
controversial tax, which took 
effect last year, to reduce costs 
for consumers (see go.nature. 
com/9afdee). The move is 
expected to lower the price 

of carbon from about US$23 

a tonne to around $6 a tonne 
beginning in July 2014, and 
should save an average family 
some $350 per year. 


Regulators saved 
UK agencies that regulate 
human-embryo and human- 
tissue research have been 
spared the axe. After initially 
planning to dissolve the 
Human Fertilisation and 
Embryology Authority and 
the Human Tissue Authority, 
the government suggested 
earlier this year that the two 
bodies could be merged. 

But it has now accepted the 
recommendations of an 
independent review released 


Tar drip drops 


After 69 years of waiting, scientists in Ireland captured the first 
video footage of a tar-pitch droplet's plop earlier this month. 
The experiment, started in 1944 at Trinity College Dublin, 
demonstrates the fluid nature of tar, or asphalt, which appears 
to be solid at room temperature. Physicists are eager to study 
the details ofa droplet’s escape for the first time. Although 

an identical experiment has been going on in Queensland, 
Australia, since 1927, cameras missed its most recent drip in 
2000. The next plunge ofan Australian drop is expected by the 
end of 2013. See go.nature.com/wbngvw for more. 


on 17 July, which found that 
there is little overlap between 


longest faced by any chief in 
the EPAs 43-year history (see 


the work of the agencies Nature 497, 418-419; 2013). 
and that they should remain Senate Republicans had used 
separate entities. See go.nature. procedural tactics to delay 
com/f7nt6k for more. formal votes on McCarthy and 
on several other nominees 
EPA delay ends proposed by President Barack 
The US Senate voted on Obama’s administration to 


18 July, after a 133-day delay, 
to confirm Gina McCarthy 
as administrator of the 
Environmental Protection 
Agency (EPA). The wait is the 


head federal agencies. They 
relented when Democrats 
threatened to change Senate 
rules. At the EPA, McCarthy 
will oversee regulations 
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to limit greenhouse-gas 
emissions and to improve 
water and air quality. 


Marine-reserve veto 
Proposals to create two huge 
marine reserves in Antarctic 
waters were blocked by Russia 
on 16 July at an international 
meeting in Bremerhaven, 
Germany. Plans put before 

the Commission for the 
Conservation of Antarctic 
Marine Living Resources 
(CCAMLR), which oversees 
fishing activity in Antarctica, 
would have banned fishing in 
1.6 million square kilometres of 
the Ross Sea and created seven 
protected areas off the coast of 
East Antarctica. Despite the 
failure to reach agreement, 
CCAMLR members are 
expected to continue discussing 
the plans in Hobart, Australia, 
in October. See go.nature.com/ 
usayrh for more. 


EU pesticide ban 

The European Union 

(EU) is set to ban the 
insecticide fipronil from 

use in agricultural fields, 
owing to concerns that the 
chemical is contributing 

to the drastic decline in 
Europe’s bee population. On 
16 July, 23 member states 
supported the restriction, with 
2 opposing and 3 abstaining. 
From next year, fipronil use 
will be mainly limited to 

seeds sown exclusively in 
greenhouses. The European 
Food Safety Authority in 
Parma, Italy, concluded in May 
that maize (corn) seeds treated 
with fipronil pose a “high 
acute risk” to honeybees. 


iPS trial approved 
On 19 July, Japan’s health 
minister, Norihisa Tamura, 
approved the world’s first 
trial in humans of induced 
pluripotent stem (iPS) cells. 
Masayo Takahashi, a stem- 
cell biologist at the RIKEN 
Center for Developmental 
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Biology in Kobe, plans to use 
sheets of retinal cells derived 
from iPS cells to repair 
retinal epithelium in patients 
with age-related macular 
degeneration, a common cause 
of blindness. Final approval 
by Takahashi’ institution is 
expected soon, and she plans 
to start recruiting patients as 
early as September. 


China tremors 


Two earthquakes rocked an 
area near the city of Dingxi in 
Gansu province, northwest 
China, on 21 July. The tremors 
— one at magnitude 5.9, 
followed by one at magnitude 
5.6 — struck a region that 
has seen three quakes greater 
than magnitude 6 in the past 
four decades. News services 
reported at least 89 deaths, 
along with major structural 
damage to buildings. The 
relatively shallow depth 

of both quakes — about 

10 kilometres — may have 
contributed to the damage. 


Turing pardon 


Four years after issuing a 
formal apology, the UK 
government has cleared the 
way to grant a posthumous 
pardon to the British 
mathematician Alan Turing 
(pictured), who in 1952 was 
convicted of ‘gross indecency’ 


TREND WATCH 


The number of research 
procedures involving animals 
in the United Kingdom has 
continued to rise, reaching 


4.11 million in 2012, according 


to Home Office data released 


last week. The 8% increase over 
2011 figures was driven largely 


by greater use of genetically 
modified and other mutant 
animals. Mice accounted for 


76% of the 4.03 million animals 
that were used for the first time 
last year in procedures including 
breeding and experiments. See 
go.nature.com/t9z6uk for more. 


under anti-homosexuality 
legislation (see Nature 482, 
441; 2012). He later took 
his own life. On 19 July, 

the government offered its 
support for a bill that would 
overturn the conviction. 
Turing is regarded as a hero 
of the Second World War 
for helping to break the 
German Enigma code. His 
“Turing machine’ concept 
is considered to underlie 
modern computer science. 


} RESEARCH 
Cosmic gas guzzler 


An immense gas cloud several 
times the mass of Earth 

has started its death spiral 
around the supermassive 
black hole at the heart of the 
Milky Way. Observations 
from the European Southern 
Observatory’s Very Large 
Telescope in Chile, revealed 
on 17 July, show the cloud 
swinging and stretching 
around the black hole. 
Extreme gravitational forces 


are expected to rip apart 

the cloud, called G2, in the 
coming months. See go.nature. 
com/3kpqzj for more. 


India trials halted 
The US National Institutes of 
Health (NIH) in Bethesda, 
Maryland, last week confirmed 
reports that it has postponed 
some of its roughly 30 clinical 
trials in India, and has stopped 
enrolling participants in others. 
In January, the Indian health 
ministry tightened regulations 
on clinical trials. Sponsors 

are now required to provide 
compensation to participants 
who are injured as a result 

ofa trial, or to the surviving 
relatives of those who are 
killed. “NIH has expressed 

its concerns about the new 
regulations, and looks forward 
to hearing clarifications from 
the Indian government,’ the 
agency told Nature. 


| __BUSINESS 
Pharma probe 


The Chinese government 

is investigating four senior 
executives of GlaxoSmithKline 
(GSK) in China for allegedly 
bribing officials and physicians 
to boost GSK drug sales, 
funnelling the money 

through travel agencies. The 
executives are suspected of 
giving 3 billion renminbi 
(US$489 million) in bribes 
since 2007, Chinese officials 
said last week. The government 


UK ANIMAL EXPERIMENTS ON THE RISE 


Research procedures involving animals are at a 20-year high, 
fuelled by increasing use of genetically modified (GM) animals. 


1 Experiments {i} Procedures* [J Procedures with GM animals 


Millions of procedures 
w 


(e) 


1949 1956 1963 1970 1977 1984 1991 1998 2005 2012 


*UK switched to recording procedures in 1987. Creating a GM animal and conducting an 
experiment may be considered separate procedures. No GM data before 1995. 


SEVEN DAYS | THIS WEEK | 


28 JULY-1 AUGUST 
Scientists discuss 
conflicts between 
humans and wildlife 

at the 50th annual 
conference of the 
Animal Behavior Society 
in Boulder, Colorado. 
go.nature.com/qjdgeh 


29 JULY-6 AUGUST 
The American Physical 
Society will discuss 
plans for high-energy 
physics at a meeting in 
Minneapolis, Minnesota 
(see page 391). 
go.nature.com/7yiv5p 


29 JULY-2 AUGUST 
The meteor that 
exploded over Russia 
in February is on 

the agenda at the 
Meteoritical Society’s 
annual meeting in 
Edmonton, Canada. 
go.nature.com/gthpqv 


says that the probe is part of 
nationwide crackdown to 
ensure fair competition in the 
pharmaceutical industry. GSK, 
headquartered in London, says 
that it is conducting its own 
review and is cooperating with 
the Chinese police. 


GM crops dropped 
Agricultural biotechnology 
giant Monsanto has abandoned 
efforts to win regulatory 
approval for the cultivation 

of new genetically modified 
(GM) crops in the European 
Union (EU). The company 
confirmed last week that it is 
withdrawing all pending EU 
applications for new transgenic 
maize (corn), soya beans and 
sugar beet. The firm, based 

in St Louis, Missouri, said 

that it would focus instead on 
its conventional agriculture 
business in the EU. See page 
387 and go.nature.com/vkaxty 
for more. 


> NATURE.COM 
For daily news updates see: 
www.nature.com/news 
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BIOTECHNOLOGY 


Monsanto drops 
GM in Europe 


Region abandoned owing to stalled approval process. 


BY DANIEL CRESSEY 


uropean researchers have expressed 
Bee but little surprise at last week’s 

announcement by the agriculture giant 
Monsanto that it will no longer be seeking 
approvals for genetically modified (GM) 
crops now under review for cultivation in the 
European Union (EU). 

As anti-GM campaigners celebrated, 
advocates warned that Europe risks becoming 
a scientific backwater as the rest of the world 
increasingly adopts the technology. “It's bad 
news for Europe, for European farmers and for 
global food security,’ says Jonathan Jones, who 
uses both GM and conventional approaches to 
study disease resistance in plants at the Sains- 
bury Laboratory in Norwich, UK. “Europe has 
to get its act together” 


The approval process for GM crops has 
ground to a halt in Europe despite a clear regu- 
latory path. Crops must first be deemed safe by 
the European Food Safety Authority (EFSA) 
in Parma, Italy. The European Commission 
must then produce a draft decision within 
three months, to be voted on by representa- 
tives from EU member states before approval 
can be finalized. 

The EFSA has deemed eight crops as safe, 
some as long ago as 2005. But political disquiet 
over the cultivation of GM crops, including 
bans in some EU countries, has meant that 
the commission has not 
moved forward on any 
of them. 

Four crops in limbo 
— three varieties of 
maize (corn) and one 


> NATURE.COM 
For more on the 
promise and reality 
of GM crops, see: 
go.nature.com/gafvrp 


© 2013 Macmillan Publishers Limited. All rights reserved 


of soya bean — are Monsanto products. The 
company, which is based in St Louis, Missouri, 
also has five GM crops still under review 
by the EFSA: four maize varieties and one 
sugar-beet variety. Monsanto says that it will 
abandon applications for all of them except 
for one GM maize, MON810. This is already 
grown in the EU, but is now up for its ten- 
year reapproval review. That reapproval has 
already been passed to the commission by 
the EFSA. 

Monsanto will now focus its European 
efforts on its conventional agriculture business 
and on enabling the import of GM crops for use 
as animal feed, a widespread EU practice that 
is less controversial than cultivating the crops 
in European fields. 

MON810, which is modified to produce a 
protein called Bt that is harmful to insect pests, 
is one of only two GM crops approved for 
cultivation in the EU. The other is a high-starch 
GM potato called Amflora that is intended 
for industrial applications such as paper 
production. But in 2012, its makers, BASF 
Plant Science in Limburgerhof, Germany, 
announced that, because of hostility to GM 
products in Europe, it would abandon devel- 
opment and sale of Amflora and move its base 
to the United States. The company also later 
said that it will not pursue EU approvals for 
other GM potatoes. 

EFSA applications for four GM maize vari- 
eties from other companies are still pending 
— two from DuPont Pioneer, based in John- 
ston, Lowa, and two from Syngenta in Basel, 
Switzerland. Pioneer says that it will continue 
with its approvals, and Syngenta says that its 
position is also unchanged. 

Maurice Moloney, director of Rothamsted 
Research, an agricultural-research centre in 
Harpenden, UK, says that the Monsanto move 
is a “perfectly reasonable business decision’, 
given the current political climate. Although he 
expects that Europe will eventually come round 
politically, for now, even small-scale field trials 
can attract vociferous protests. Increasingly, 
researchers are looking for the chance to do 
their work in more accepting countries in the 
Far East, Africa and Latin America, says Denis 
Murphy, a plant biotechnologist at the Univer- 
sity of South Wales near Pontypridd, UK. “Ido 
a lot of my work now overseas,” he says. “I’ve 
almost given up on Europe.” = 


Additional reporting by Richard Van Noorden. 
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PIG VIRUS ON THE WING 


Porcine epidemic diarrhoea virus, a type of coronavirus that can kill piglets, has been detected in 14 US states. 


Date of first detection 
@ April 2013 
m= May 2013 
m June 2013 


ANIMAL DISEASE 


Deadly pig virus slips 
through US borders 


Researchers race to track spread of coronavirus. 


BY BETH MOLE 


lethal virus that causes diarrhoea and 
Awn in pigs has entered the United 

States and has been found in 14 states. 
With the country’s US$97-billion pork industry 
standing to lose millions of dollars in the event 
of a mass outbreak, scientists are working to 
track the virus and prevent its spread, even as 
they try to understand how it passed through 
biosecurity defences in the first place. 

“How this virus got here, that’s the million- 
dollar question,” says James Collins, director 
of the Veterinary Diagnostic Laboratory at the 
University of Minnesota in St Paul. 

The pathogen, a type of coronavirus called 
porcine epidemic diarrhoea virus (PEDV), 
was first identified in the United Kingdom in 
1971, and it caused mass epidemics in Europe 
in the 1970s and 1980s. As pigs there developed 
immunity, the virus petered out and now causes 
only occasional, isolated outbreaks. It has since 
spread to Asia, where it has been considered 
endemic since 1982, causing substantial eco- 
nomic losses to pork producers. The virus can 
spread quickly by a faecal-oral route and infect 
entire herds. And although adult pigs typically 
recover, PEDV can kill 80-100% of the pig- 
lets it infects. The virus poses no health threat 
to humans. 

The US Department of Agriculture (USDA) 
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had tried to keep PEDV and other diseases 
out of the country by restricting imports of 
pigs and pork products from certain nations, 
such as China. But on 10 May, the Veterinary 
Diagnostic Laboratory at Iowa State University 
in Ames confirmed that PEDV had infected 
pigs in Iowa, the leading producer of US pork. 
The lab then screened samples taken earlier 
from other states and found a case from Ohio 
submitted on 16 April that is now the earliest 
known US detection of PEDV, according to 
Gregory Stevenson, a pathologist at Iowa State. 
The fact that the virus has now spread to 14 
states in total is a sign that the outbreak is still 
flaring and could become an epidemic (see ‘Pig 
virus on the wing). 

“It’s a real threat,’ says Lisa Becton, a vet- 
erinary surgeon and director of swine health 
information at the National Pork Board, an 
industry group in Des Moines, Iowa. 

To understand the virus’s enigmatic US entry, 
scientists are sequencing viral DNA isolated 
from pigs and comparing it with PEDV vari- 
ants from elsewhere in the world. Researchers 
are also trying to create rapid diagnostic tests 
and vaccines to prevent the virus from spread- 
ing. The National Pork Board has approved 
$800,000 to fund research and education. 

But PEDV must first be grown in labs — a 
notoriously difficult exercise because the patho- 
gen thrives in the specific conditions found in 
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pig guts. Researchers in Europe and Asia have 
already managed to infect cells, but only after 
years of working with the virus. In the United 
States, the same import restrictions that were 
set up to help to prevent PEDV from entering 
the country have made it difficult to import the 
necessary lab materials for working with the 
virus, such as vaccines, infected cells and pig 
antibodies. 

“What's hampering the research is that we 
don't have reagents,’ says Linda Saif, a virologist 
at Ohio State University in Wooster. Access to 
the virus and good tests in hand “would have 
helped us identify which herds have been 
exposed, and one could have imposed more 
stringent control measures’, she says. 

The USDA’s National Veterinary Services 
Laboratories in Ames is one of just a few US 
facilities to have grown the virus successfully. 
But it had a head start: the lab imported the 
virus around 15 years ago from Asia, after a 
lengthy security-clearance process, in prepa- 
ration for just such an outbreak. Lab scientists 
have spent recent months tweaking cell-culture 
protocols, and plan to distribute the virus to 
researchers on request in the coming weeks. 

In the meantime, other research groups 
have focused on detecting viral DNA in sick 
pigs and on sequencing viral genes. In August, 
a team led by Douglas Marthaler, a scientist at 
the University of Minnesota's Veterinary Diag- 
nostic Laboratory, will publish the sequence of 
a virus genome taken from a Colorado farm. 
They found it to be 99.4% identical to a Chinese 
strain of PEDV. On the basis of that sequence, 
many researchers suspect that the virus origi- 
nated in China, but Marthaler says that he is 
surprised by the level of similarity, because 
he would have expected the US virus to have 
evolved more in the time since it arrived. 

In any case, he says, the potential origin 
of the virus does not say anything about the 
route that it took to reach the United States. 
Canada, the main source of pigs entering the 
United States, does not import pigs from China 
either. And although researchers know that the 
virus can be transported in faeces, they do not 
know how long it can survive outside pigs’ 
intestines, so it is unclear ifa dirty boot, a con- 
taminated package or an illegal import carried 
PEDV into the country. 

Vets say that pig farmers are now restricting 
access to farms, and are cleaning pig manure 
more carefully off their clothes and trucks as 
they move between barns. And researchers still 
hope that they can elucidate the virus’s interna- 
tional and domestic path by looking for subtle 
evolutionary changes in viral genome sequences 
of samples from Asia and different US states. 

Saif, who has feared such an outbreak for 
decades, wonders what the virus will do next. 
Agriculture experts speculate that it may be 
more stable in cooler temperatures, and thus 
more dangerous, making the current outbreak 
a mild precursor to what could come in the 
winter. “We have to be vigilant,’ says Saif. = 


SOURCE: US DEPARTMENT OF AGRICULTURE 


SOURCE: PUBMED 
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Stricter standards sought to 
curb stem-cell confusion 


Initiative aims to clarify description of mesenchymal cells. 


BY HELEN SHEN 


Pp amela Robey is used to being sent sam- 


ples by scientists who are anxious to 
know whether the mesenchymal stem 
cells (MSCs) they have extracted from fat can 
be coaxed to turn into either bone or cartilage. 

Robey, who directs the Stem Cell Unit at 
the US National Institutes of Health (NIH), is 
also used to delivering bad news to many of 
those who seek her help. “They usually are not 
happy,’ she says, when her attempts to differ- 
entiate the cells produce little more than fatty 
globules. 

To Robey, that disappointment reflects a 
pervasive misunderstanding about what MSCs 
are and what they can do — one that is fuelled 
by a lack of information. MSCs have been pro- 
posed as treatments for a wide range of ailments 
including heart and brain injury, joint damage, 
Crohn's disease and multiple sclerosis. But some 
scientists say that these clinical aspirations have 
far outrun the basic science. “It always seems 
a little bit like hocus pocus when youre treat- 
ing everything from skeletal to immunological 
disorders,’ says George Daley, director of the 
Stem Cell Transplantation Program at Boston 
Children’s Hospital in Massachusetts. 

An international group of scientists, indus- 
try experts and governmental organizations 
is trying to introduce scientific clarity to the 
burgeoning field of MSCs. The group, which 
met for the first time in late March at NIH 
headquarters in Bethesda, Maryland, hopes 
to introduce more rigorous research practices, 
and eventually to create scientific standards 
that could guide the commercial develop- 
ment of MSC-based therapeutics. The efforts, 
applauded by some, are now attracting criti- 
cism both from those who advocate MSCs as 
therapeutics and from those who think that the 
potential of the cells is oversold. 

Even the definition of what constitutes an 
MSC is a matter of debate. First described in 
the 1960s as bone-marrow cells that can regen- 
erate bone, the name MSC has expanded to 
include cells from fat, and from dental and 
other tissues — although early claims that 
MSCs could give rise to a panoply of different 
cell types have fizzled out in animal tests. Asa 
first step towards standardization, the group 
is developing guidelines for research jour- 
nals to help them cope with the sharp rise in 
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The number of papers that mention 
mesenchymal stem cells has risen 
dramatically in the past decade. 
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the number of MSC studies being published 
(see ‘Growth medium). Ideas being floated 
include requiring authors to define clearly the 
animal and tissue sources of their cells, and 
the experimental conditions used to culture 
them — details that are often omitted from 
published papers. 

“People have to be much more rigorous in 
defining MSCs, their sources, which tissues 
you can obtain them from, and what you can 
use them for,’ says Paolo Bianco, a stem-cell 
researcher at the Sapienza University of Rome, 
who is not involved in the initiative. 

Robey, who is on the steering committee of 
the new working group, is more blunt. “Most 
of the MSC biology is not rigorous,” she says. 
“Other stem-cell biologists tend to look down 
their noses at the field” 


CLEAR DEFINITION 

The group is also discussing whether authors 
should quantify what percentage of MSCs in 
a given preparation truly are stem cells. Tests, 
including detecting the presence of certain cell- 
surface molecules, that were once used as base- 
line criteria for defining MSCs are now known 
to identify a wide variety of cells, only a tiny 
fraction of which may be able to self-renew and 
differentiate into multiple cell types. 

The team has not yet approached journals to 
gauge interest in adopting the guideline plan, 
and “whether or not they'll accept it, I don't 
know’, says steering-group chairman Armand 
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Keating, who directs the Cell Therapy Program 
at Princess Margaret Hospital in Toronto, 
Canada. 

In the coming year, the working group faces 
the more daunting task of establishing one or 
more reference lines of MSCs, against which 
researchers and companies can readily assess 
the identity, purity and potency of their cells. 

But some researchers say that attempts to 
standardize cells will do little to benefit sci- 
ence, because a solid theoretical basis for using 
MSCs as broad therapeutics is lacking. “If I 
want to treat a disease of the brain with cells 
that for all intents and purposes are bone cells, 
the first thing I should come up with is a clear 
rationale,” says Bianco. 

The group’s efforts also worry Arnold 
Caplan, a stem-cell researcher at Case West- 
ern Reserve University in Cleveland, Ohio, 
who introduced the modern concept of MSCs 
in 1991 (A. I. Caplan J. Orthop. Res. 9, 641-650; 
1991). He believes that the cells could poten- 
tially treat a broad range of conditions by 
secreting biochemicals that reduce inflamma- 
tion and promote healing, and says that overly 
proscriptive journal guidelines could prevent 
the publication of promising results. 

It is also hard to know how adoption of 
more rigorous experimental standards would 
affect the already strong consumer demand for 
treatments derived from MSCs. Lee Buckler, 
founder of the consulting firm Cell Therapy 
Group, based in Vancouver, Canada, says that 
introducing standard cell lines and tests into 
MSC research could make it easier to compare 
different therapeutic products. “Some compa- 
nies are going to feel delighted,” he says, but 
adds that more-established businesses may 
find their products suddenly threatened by 
competing claims that are founded on clearer 
points of reference. 

Ifthe standards, once arrived at, facilitate the 
systematic design and evaluation of preclinical 
trials of MSCs and their products, they could 
help biotechnology companies to attract large 
pharmaceutical firms to bring their MSC prod- 
ucts to market, says Robert Deans, executive 
vice-president of Athersys in Cleveland, Ohio, 
which is developing MSC-derived treatments. 
Deans, who is participating in the standards 
working group, says that, until now, “pharma 
hasn't invested a lot. There’s not enough con- 
sensus on these cells.” m 
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REGENERATIVE MEDICINE 


Doubt cast over tiny stem cells 


Studies refute the existence of very small embryonic -like cells endorsed by the Vatican. 


BY ALISON ABBOTT 


oes a rare and minuscule cell type 
D with the potential to repair almost any 
tissue in the body really exist? 

Proponents of very small embryonic-like 
cells (VSELs) extracted from bone marrow 
say that the cells have the potential to trans- 
form regenerative medicine. A trial has begun 
in Poland, and cell-therapy company Neostem 
in New York is planning another in Michigan. 

But in a major blow to the field, a paper pub- 
lished on 24 July in Stem Cell Reports suggests 
that the diminutive stem cells are not real’. Led 
by Irving Weissman, a prominent stem-cell 
researcher at Stanford University in Califor- 
nia, the study is the fourth to refute the cells’ 
existence — and the most thorough yet. 

“Weissman’s evidence is a clincher — it is the 
end of the road for VSELs,’ believes Riidiger 
Alt, head of research at Vita 34, a private bank 
for umbilical cord blood in Leipzig, Germany, 
who last year published the first failure to rep- 
licate claims for the cells”. 

Robin Smith, chief executive at Neostem, 
disagrees. She compares the attacks on VSELs 
to those suffered by Charles Darwin and 
Nicolaus Copernicus when they proposed 
their world-changing scientific theories. 

The battle over VSELs has been raging for 
more than two years, and has covered ground 
from the United States to Vatican City and 
Poland. The cells were first described’ in mouse 
bone marrow in 2006, bya team led by Mariusz 
Ratajczak at the University of Louisville in Ken- 
tucky. His group and a few others have since 
generated a literature that characterizes VSELs 
as rare components of bone marrow and other 
tissues, less than 6 micrometres in diameter and 
able to turn into a diverse range of cell types, 
including blood, bone, muscle and nerve. 

Ratajczak was given a joint position at the 
Pomeranian Medical University in Szczecin, 
Poland, in 2006. From there, he obtained 
€10.6 million (US$14 million) from European 
Union sources for a VSEL research network 
involving five institutions. The network last 
year registered the first human trial of a VSEL 
preparation, which aims to treat 60 people who 
have severe angina. Around one-quarter of the 
participants have already been injected with 


the preparation. 

But the network 
became rattled after one NATURE.COM 
collaborator, JozefDulak Toreadabouta 
at the Jagiellonian Uni- controversial Italian 
versity in Krakow, failed stem-cell trial, see: 
to find traces of VSELs __ go.nature.com/b3ufem 
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Mariusz Ratajczak first reported finding very small 
embryonic-like stem cells in 2006. 


in his experiments. When he published his 
findings in May’, Ratajczak tried to force him 
out of the consortium. Dulak, like Weissman, 
found no molecular signatures associated with 
pluripotency in any mouse bone-marrow cells 
smaller than 7 micrometres across. Weissman’s 
more extensive analysis now also reports that 
in his experiments, the small cells did not 
aggregate into spheres in vitro, as pluripotent 
cells do; nor could they differentiate into blood 
cells, the adult tissues that such cells are most 
likely to become. 

Alt, for his part, spent 18 months studying 
human VSELs at Leipzig University. He says that 
his team gave up when its chromosome analyses 
revealed that the objects they observed in their 
experiments were not proper cells. “If they had 
existed, Vita 34 would have been interested to 
try to commercialize them,” he says. “We wasted 
a lot of time.” A fourth study, which sought 
VSELs in blood from umbilical cords, could not 
show that they were pluripotent either’. 

Together with the University of Louisville, 
Ratajczak patented his VSEL discovery. In 2007, 
Neostem acquired exclusive licensing rights and 
created its Stem For Life Foundation, which pro- 
motes adult stem cells as an ethical alternative to 
embryonic stem-cell therapy. Two years ago, the 
Vatican, which supports this approach, donated 
US$1 million to the foundation — the first time 
it had entered a joint venture with a trading 
company. It has since hosted two international 
conferences on adult stem cells, co-organized 
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by Stem For Life and Neostem. 

Weissman presented some of his now-pub- 
lished results at an unrelated meeting of the 
Pontifical Academy of Sciences in Vatican City 
in April 2012. But he says he is annoyed that 
representatives of the Catholic Church “act as 
if they don't know the scientific data’ and have 
continued to back VSELs. 

“I dont see the controversy — we have seen 
bone grow” from VSELs in mice, says Russell 
Taichman, a researcher in dental medicine 
at the University of Michigan in Ann Arbor. 
Taichman will be running the Neostem- 
backed VSEL trial, which will look for bone 
regrowth in dental patients. Announced in 
April, the trial is awaiting approval by the US 
Food and Drug Administration. 

The leader of the Polish VESL trial is also 
unfazed. “Other investigators are just not man- 
aging to catch the right cells,” says Wojciech 
Wojakowski, a cardiologist at the Medical Uni- 
versity of Silesia in Katowice. 

Diane Krause, who has published evidence 
that VSELs from mouse bone marrow can dif- 
ferentiate into lung epithelial cells®, agrees. “I 
can only say that we manage to see these cells,” 
she says. “One of our postdocs went to the Rata- 
jczak lab and learnt the technique properly,’ 

Ratajczak thinks that all the published criti- 
cisms come down to investigators lacking the 
technical skill to harvest the correct cells. 
“Weissman has never visited my lab to wit- 
ness exactly how we carry out the method, he 
says. Weissman counters that “science has to be 
reproducible, and methods described so that 
others can reproduce them”. 

Neostem itself is becoming more cautious 
in its statements about VSELs. In an e-mail, 
Smith told Nature that the company “has stud- 
ies in progress to determine, with robust data, 
whether or not VSELs have characteristics of 
pluripotent cells”. 

The debate exemplifies problems often seen 
in adult stem-cell research, in which a trial can 
end up being based on inadequate data, says 
Rudolf Jaenisch, a stem-cell researcher at the 
Whitehead Institute for Biomedical Research 
in Cambridge, Massachusetts. “It's even worse 
when it gets the blessing of the church.” m 
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CYCLOTRONS RECYCLED 


By bringing back cyclotrons, an 80-year-old technology, DAESALUS could challenge the Long Baseline 
Neutrino Experiment’s attempt to look for fundamental matter—antimatter asymmetries using neutrinos. 
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Cyclotrons come 
full circle 


US physicists hope to rejuvenate a classic technology to 
support key neutrino experiments. 


BY EUGENIE SAMUEL REICH 


Se 1982, particle physicists have 


sojourned every so often in the fresh 

mountain air of Snowmass, Colorado, 
to dream up successive generations of particle 
accelerators. 

Budgetary restrictions mean that this year’s 
Snowmass Community Summer Study — the 
first since 2001 — will be a bit less ambitious. 
The grass-roots planning exercise, which 
begins on 29 July, will last one week rather than 
three. And physicists will be trading the posh 
mountain resort for a humbler spot: Minne- 
apolis, Minnesota. 

The idea capturing physicists’ attention in 
the run-up to the meeting is correspondingly 
modest and thrifty: a low-energy but high- 
intensity accelerator called a cyclotron. The 
technology, first used more than 80 years ago, 
eventually ceded ground to the snazzier syn- 
chrotrons that today power facilities such as 
the Large Hadron Collider (LHC) at Europe's 
particle-physics laboratory, CERN, near 
Geneva, Switzerland. 

But, as physicists look for cheaper ways to 
test fundamental questions, cyclotrons could 
experience a renaissance. 

“We need something totally out of the 


box,” says Janet Conrad, a particle physicist 
at the Massachusetts Institute of Technol- 
ogy in Cambridge, and co-spokesperson for 
the DAESALUS collaboration, a proposal to 
generate beams of subatomic neutrinos using 
linked cyclotrons. 

After the US Department of Energy (DOE) 
in 2011 closed the highest-energy US parti- 
cle collider, the Tevatron, at Fermi National 
Accelerator Laboratory (Fermilab) in Batavia, 
Illinois, US particle physicists focused on cre- 
ating particle beams that were high in inten- 
sity, rather than energy, so that they could 
generate large amounts of data per second. 
That way, even if Fermilab would no longer 
compete with the LHC in terms of energy, it 
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could repurpose the Tevatron’s luminous pro- 
ton beams and establish an ‘intensity frontier. 

Fermilab quickly developed plans for a 
flagship intensity experiment, called the Long 
Baseline Neutrino Experiment (LBNE). It 
would send beams of neutrinos and antineu- 
trinos along a 1,300-kilometre underground 
path toa detector in the Homestake mine near 
Lead, South Dakota. Neutrinos and antineutri- 
nos are thought to behave the same in nearly 
every way, but the LBNE would look for crucial 
differences. It would monitor the way in which 
the three different types of neutrino morph, or 
oscillate, into one another as they travel along 
the beam, and then repeat the experiment, 
this time with a beam of antineutrinos. Any 
detected difference would indicate a funda- 
mental asymmetry — helping to explain why 
the Universe contains so much more matter 
than antimatter. 

In 2012, the DOE asked Fermilab to strip 
down these ambitious plans (see Nature 485, 
16; 2012). Fermilab came back with a design 
that would cost about $800 million in its first 
phase. But many physicists are concerned that 
the scaled-back experiment will be less precise. 

DAESALUS is now emerging as a lower- 
cost alternative to test for matter—antimatter 
asymmetry. In this plan, near-stationary pro- 
tons would be dumped in the centre ofa small 
cyclotron and accelerated by magnetic fields 
in spirals until they reached the cyclotron’s 
outer edge. These souped-up protons would 
then be injected into a second, larger cyclotron, 
15 metres across, which would accelerate them 
further still. The resulting proton beam would 
then be fired at a carbon and copper target to 
generate particles called pions, some of which 
decay into antineutrinos. 

Costing about US$130 million for the 
cyclotron pair, the DAESALUS scheme 
would be much cheaper and smaller than the 
LBNE (see ‘Cyclotrons recycled’). The cyclo- 
trons could not match the proton energies 
of Fermilab’s proton accelerators, but, partly 
by operating at a higher power, they would 
generate a comparable number of antineu- 
trinos per second, and so produce a similar 
amount of data. They would also generate a 
cleaner beam of antineutrinos than the LBNE 
could, because the energy levels at which 
DAESALUS operates allow the copper in the 
target to neatly separate out the positively > 
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> charged pions that in turn generate the 
desired antineutrinos. 

Pairs of cyclotrons could be set up at 
three different distances, or baselines, 
around the same detector, which would 
measure how many antineutrinos from 
each beam morph into a different type dur- 
ing flight. By operating simultaneously with 
three baselines, DAESALUS could map the 
shape, or waveform, of the antineutrino 
oscillations. If there is asymmetry between 
matter and antimatter, the shape of these 
oscillations would take on a characteristic 
pattern — and there would be no need for 
the experiment to run separately with a 
beam of neutrinos. 

The two experiments would both need 
large liquid detectors, but Conrad notes 
that Japan is already planning to build a 
water-based detector for astrophysical neu- 
trinos that could work with DAESALUS. 
The DAESALUS accelerators are cheap 
and small enough that they could be repro- 
duced and built up around pre-existing 
detectors, rather than the other way around. 
“The beauty of DAESALUS is that you can 
forget about accelerators being stuck at 
laboratories,’ says Conrad. 

Other physicists are impressed. “It’s an 
imaginative proposal for how to address 
neutrino oscillations,’ says Jonathan Rosner, 
a particle physicist at the University of Chi- 
cago in Illinois who oversees the Snowmass 
Study as chair of the American Physical Soci- 
ety’s Division of Particles and Fields. 

LBNE co-spokesperson Milind Diwan 
of Brookhaven National Laboratory in 
Upton, New York, also says that the idea 
is technically interesting. But he says it is 
not yet proven or accepted, and that the 
United States needs to commit to a strong 
domestic programme based around the 
DOE-approved LBNE in order to draw 
international funding. 

If DAESALUS features prominently in 
the Snowmass final report, expected in 
November, it could find a spot in the agenda 
set by the Particle Physics Project Prioriti- 
zation Panel (P5), a group of DOE advisers 
who will convene shortly after receiving the 
Snowmass report and begin ranking pro- 
jects. P5 is likely to recommend some US 
involvement in high-energy machines, both 
the LHC and a next-generation machine 
that Japan hopes to host, the International 
Linear Collider. The panel could also renew 
an emphasis, set in its 2008 report, on the 
intensity frontier, which led to the flagship 
LBNE proposal. 

But some US physicists say that shrink- 
ing US budgets mean that projects may end 
up competing more on scientific merit and 
cost, rather than what they do for the sta- 
tus of any nation’s programme. “We have to 
tighten our belts,” says Rosner. “It’s not just 
business as usual.” = 
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Cordgrass was originally introduced to China to help reclaim land from the sea, but has become invasive. 


CONSERVATION 


China’s cordgrass 
plan is ‘overkill’ 


Experts say Shanghai sea wall will cripple wetland habitat. 


BY JANE QIU IN SHANGHAI 


nanisland in Shanghai at the mouth of 
() the Yangtze River in China, a modern- 

day Great Wall is planned to thwart 
invaders. This time, however, the enemy is a 
marauding weed — and the US$163-million 
wall will not keep the invaders out, but enclose 
and drown them. 

The plant in question is Spartina alterniflora, 
or cordgrass, a fiercely invasive salt-marsh 
grass that is native to eastern North America. 
In 1979, the plant was introduced to China 
because its roots can trap sediment, making 
it ideal for erosion control and land reclama- 
tion. Since then, the weed has spread rapidly 
across the country’s coastal regions, covering 
some 400,000 hectares (see ‘Coastal invasiom). 
Cordgrass has infested many countries, but 
“the world’s largest invasion is in China’, says 
Donald Strong, an ecologist at the University 
of California, Davis. “It’s a piece of ecological 
engineering that has gone out of control.” 

The threat of cordgrass is especially acute on 
Chongming Island, home on its eastern end 
to the 24,000-hectare Shanghai Chongming 
Dongtan National Nature Reserve — declared 
a region of international ecological importance 
by the Ramsar Convention, a global wetland- 
conservation treaty. Millions of migratory birds 
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overwinter here, and it is a precious spawning 
and feeding ground for more than 60 fish 
species — including the critically endangered 
Chinese sturgeon (Acipenser sinensis). 

Cordgrass has been spreading there “like 
a cancer’, says reserve director Tang Chen- 
dong, so far consuming more than 10% of 
the wetland. It colonizes an area by forming 
dense bundles with deeply penetrating roots 
— squeezing out native plants and burrowing 
invertebrates, eating mudflats and drying up 
wetlands. At Dongtan, “this has had devastat- 
ing consequences for many bird species’, says 
Ma Zhijun, an ornithologist at Fudan Univer- 
sity in Shanghai. The reed parrotbill (Paradox- 
ornis heudei) — which nests on native reeds 
and is one of Chongming’s best-known species 
— was once abundant in the reserve, for exam- 
ple. But its numbers have declined by 40% in 
the past decade, with more than half of its habi- 
tat now overtaken by cordgrass. The shrink- 
ing of mudflats also threatens the hundreds of 
thousands of migratory shorebirds that rely on 
the reserve as a stopover site. 

The best way to get rid of cordgrass over a 
large area is to spray herbicides from a heli- 
copter — as has been successfully done in 
the western United States, Australia and New 
Zealand. But the reserve’s management could 
not get permission to fly helicopters over 
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> charged pions that in turn generate the 
desired antineutrinos. 

Pairs of cyclotrons could be set up at 
three different distances, or baselines, 
around the same detector, which would 
measure how many antineutrinos from 
each beam morph into a different type dur- 
ing flight. By operating simultaneously with 
three baselines, DAESALUS could map the 
shape, or waveform, of the antineutrino 
oscillations. If there is asymmetry between 
matter and antimatter, the shape of these 
oscillations would take on a characteristic 
pattern — and there would be no need for 
the experiment to run separately with a 
beam of neutrinos. 

The two experiments would both need 
large liquid detectors, but Conrad notes 
that Japan is already planning to build a 
water-based detector for astrophysical neu- 
trinos that could work with DAESALUS. 
The DAESALUS accelerators are cheap 
and small enough that they could be repro- 
duced and built up around pre-existing 
detectors, rather than the other way around. 
“The beauty of DAESALUS is that you can 
forget about accelerators being stuck at 
laboratories,’ says Conrad. 

Other physicists are impressed. “It’s an 
imaginative proposal for how to address 
neutrino oscillations,’ says Jonathan Rosner, 
a particle physicist at the University of Chi- 
cago in Illinois who oversees the Snowmass 
Study as chair of the American Physical Soci- 
ety’s Division of Particles and Fields. 

LBNE co-spokesperson Milind Diwan 
of Brookhaven National Laboratory in 
Upton, New York, also says that the idea 
is technically interesting. But he says it is 
not yet proven or accepted, and that the 
United States needs to commit to a strong 
domestic programme based around the 
DOE-approved LBNE in order to draw 
international funding. 

If DAESALUS features prominently in 
the Snowmass final report, expected in 
November, it could find a spot in the agenda 
set by the Particle Physics Project Prioriti- 
zation Panel (P5), a group of DOE advisers 
who will convene shortly after receiving the 
Snowmass report and begin ranking pro- 
jects. P5 is likely to recommend some US 
involvement in high-energy machines, both 
the LHC and a next-generation machine 
that Japan hopes to host, the International 
Linear Collider. The panel could also renew 
an emphasis, set in its 2008 report, on the 
intensity frontier, which led to the flagship 
LBNE proposal. 

But some US physicists say that shrink- 
ing US budgets mean that projects may end 
up competing more on scientific merit and 
cost, rather than what they do for the sta- 
tus of any nation’s programme. “We have to 
tighten our belts,” says Rosner. “It’s not just 
business as usual.” = 
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Cordgrass was originally introduced to China to help reclaim land from the sea, but has become invasive. 
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China’s cordgrass 
plan is ‘overkill’ 


Experts say Shanghai sea wall will cripple wetland habitat. 


BY JANE QIU IN SHANGHAI 


nanisland in Shanghai at the mouth of 
() the Yangtze River in China, a modern- 

day Great Wall is planned to thwart 
invaders. This time, however, the enemy is a 
marauding weed — and the US$163-million 
wall will not keep the invaders out, but enclose 
and drown them. 

The plant in question is Spartina alterniflora, 
or cordgrass, a fiercely invasive salt-marsh 
grass that is native to eastern North America. 
In 1979, the plant was introduced to China 
because its roots can trap sediment, making 
it ideal for erosion control and land reclama- 
tion. Since then, the weed has spread rapidly 
across the country’s coastal regions, covering 
some 400,000 hectares (see ‘Coastal invasiom). 
Cordgrass has infested many countries, but 
“the world’s largest invasion is in China’, says 
Donald Strong, an ecologist at the University 
of California, Davis. “It’s a piece of ecological 
engineering that has gone out of control.” 

The threat of cordgrass is especially acute on 
Chongming Island, home on its eastern end 
to the 24,000-hectare Shanghai Chongming 
Dongtan National Nature Reserve — declared 
a region of international ecological importance 
by the Ramsar Convention, a global wetland- 
conservation treaty. Millions of migratory birds 
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overwinter here, and it is a precious spawning 
and feeding ground for more than 60 fish 
species — including the critically endangered 
Chinese sturgeon (Acipenser sinensis). 

Cordgrass has been spreading there “like 
a cancer’, says reserve director Tang Chen- 
dong, so far consuming more than 10% of 
the wetland. It colonizes an area by forming 
dense bundles with deeply penetrating roots 
— squeezing out native plants and burrowing 
invertebrates, eating mudflats and drying up 
wetlands. At Dongtan, “this has had devastat- 
ing consequences for many bird species’, says 
Ma Zhijun, an ornithologist at Fudan Univer- 
sity in Shanghai. The reed parrotbill (Paradox- 
ornis heudei) — which nests on native reeds 
and is one of Chongming’s best-known species 
— was once abundant in the reserve, for exam- 
ple. But its numbers have declined by 40% in 
the past decade, with more than half of its habi- 
tat now overtaken by cordgrass. The shrink- 
ing of mudflats also threatens the hundreds of 
thousands of migratory shorebirds that rely on 
the reserve as a stopover site. 

The best way to get rid of cordgrass over a 
large area is to spray herbicides from a heli- 
copter — as has been successfully done in 
the western United States, Australia and New 
Zealand. But the reserve’s management could 
not get permission to fly helicopters over 
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Chongming, says Tang, and authorities in 
Shanghai feared that herbicides would dam- 
age native plants, wildlife and local fisheries. 
So Chinese researchers have come up with 
another approach. After years of studying 
cordgrass in field experiments, ecologist Li Bo 
at Fudan University and his colleagues found 
that if the plants are cut to the ground and sub- 
merged for six months, nearly all of them die. 

That is where the wall comes in. In Octo- 
ber, construction of an 8-metre-high, 
27-kilometre-long sea wall is set to begin at the 
heart of the reserve. It will stop tides reaching a 
2,400-hectare, cordgrass-ridden area that will 
be subdivided into self-contained grids by mud 
dykes, with each grid being treated separately. 
Since early July, researchers have been cutting 
down cordgrass to test how grid size, topogra- 
phy and tidal patterns might affect eradication 
efficiency. 

Walls are not new to Chongming Island, 
which sits a few dozen kilometres from the 
teeming city of Shanghai. Every inch of land 
is precious, and sea walls have been used in 
past decades to reclaim land from the sea for 
agriculture and other human uses. 

Conservation experts say that the cordgrass- 
eradication scheme — given US$163 million 
by the Shanghai Forestry Bureau and approved 
in 2008 — is intriguing, but some think that it 
is overkill. Financially, “it’s an incredible, major 
project” to get rid of some weeds, says David 
Melville, a conservationist in Nelson, New 
Zealand, who is advising the reserve about the 
project. The cordgrass “is certainly a problem’, 
he says. “It’s just a matter of whether one really 
needs to build such a massive, permanent sea 
wall to resolve it” 

Melville and other experts note that an 
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8-metre-high wall — accounting for more 
than 80% of the project’s budget — is unnec- 
essary when cordgrass can be killed with just 
half metre of water. Crucially, they worry that 
a permanent barricade will cripple efforts to 
restore tidal habitats for birds. For example, 
without the ebb and flow of tides, the sea bul- 
rush (Scirpus mariqueter), a native intertidal 
grass bearing fruit and stalks that are key food 
sources for many birds, will not be able to grow 
back, says Wang Tianhou, a wetlands ecologist 
at East China Normal University in Shanghai. 

More fundamen- 


“It’s unrealistic tally, the current plan 
to conserve will not even eradicate 
habitats all cordgrass from the 
without any reserve, says Li. Fol- 


lowing approval in 
2008, the project was 
put on hold until after the World Expo 2010 in 
Shanghai because officials did not want to com- 
promise the city’s image with a building project 
inside a nature reserve. During that time, the 
cordgrass grew beyond the proposed sea-wall 
borders by a few hundred metres. 

Cordgrass “will continue to eat up the tidal 
flats and spread to other parts of the reserve’, 
Li says. But a scheme with a different wall 
and a larger enclosure would cost more and 
require another round of approval that could 
take years, he says — so he feels it is best that 
the project goes ahead. 

Some researchers argue that temporary 
mud dykes could be a solution: they would 
cost much less than a sea wall, be easier to 
secure approval for, and could eradicate the 
cordgrass in the entire reserve while retaining 
natural tidal rhythms. But “factors other than 
conservation were likely to be involved in the 
decision-making process” that led to the plan 
for a permanent sea wall, says Ma. As more 
farmland is converted to hotels, amusement 
parks and golf courses in Chongming, local 
officials are increasingly pressed to find lands 
to replace them — as required by the central 
government. Reclaiming land from the sea is 
seen as an easy and cheap option. 

Researchers such as Li are pragmatic about 
the possibility that part of the reserve might one 
day be co-opted for farming. “It’s unrealistic to 
conserve habitats without any compromise,” 
he says. “The officials need to see that they will 
get something out of the project, too.” In the 
meantime, the scheme will at least ameliorate 
the cordgrass infestation — and will create more 
habitats for birds. “It’s a better option if the alter- 
native is to do nothing,” Li says. m 


compromise.” 


CORRECTION 

The News story ‘Rinderpest research 
restarts’ (Nature 499, 264-265; 2013) 
wrongly referred to the Institute of Animal 
Health. This has now changed its name to 
the Pirbright Institute. 
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Health officials are watching in horror as bacteria become resistant to powerful 
carbapenem antibiotics — one of the last drugs on the shelf. 


BY MARYN MCKENNA 


sa rule, high-ranking public-health officials try to avoid 
apocalyptic descriptors. So it was worrying to hear 
Thomas Frieden and Sally Davies warn of a coming health 
“nightmare” and a “catastrophic threat” within a few days 
of each other in March. 

The agency heads were talking about the soaring increase in a 
little-known class of antibiotic-resistant bacteria: carbapenem-resistant 
Enterobacteriaceae (CREs). Davies, the United Kingdom's chief medical 
officer, described CREs as arisk as serious as terrorism (see Nature 495, 
141; 2013). “We have a very serious problem, and we need to sound an 
alarm,’ said Frieden, director of the US Centers for Disease Control and 
Prevention (CDC) in Atlanta, Georgia. 

Their dire phrasing was warranted. CREs cause bladder, lung and blood 
infections that can spiral into life-threatening septic shock. They evade 
the action of almost all antibiotics — including the carbapenems, which 
are considered drugs of last resort — and they kill up to half of all patients 
who contract them. In the United States, these bacteria have been found in 
4% ofall hospitals and 18% of those that offer long-term critical care. And 
an analysis carried out in the United Kingdom predicts that if antibiotics 
become ineffective, everyday operations such as hip replacements could 
end in death for as many as one in six’. 

The language used by Davies and Frieden was intended to break 
through the indifference with which the public usually greets news 
about antibiotic resistance. To close observers, however, it also had a 
tinge of exasperation. CREs were first identified almost 15 years ago, 
but did not become a public-health priority until recently, and medics 
may not have appreciated the threat that they posed. Looking back, say 
observers, there are lessons for researchers and health-care workers in 
how to protect patients, as well as those hospitals where CREs have not 
yet emerged. 

“Tt is not too late to intervene and prevent these from becoming more 
common,’ says Alexander Kallen, a medical epidemiologist at the CDC. 
At the same time, he acknowledges that in many places, CREs are here 
for good. 
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Hindsight is key to the story of CREs, because it was hindsight that 
identified them in the first place. In 2000, researchers at the CDC 
were grinding through analyses for a surveillance programme known 
as Intensive Care Antimicrobial Resistance Epidemiology (ICARE) , 
which had been running for six years to monitor intensive-care units 
for unusual resistance factors. In the programme’s backlog of biological 
samples, scientists identified one from the Enterobacteriaceae family, a 
group of gut-dwelling bacteria. This particular sample — of Klebsiella 
pneumoniae, acommon cause of infection in intensive-care units — had 
been taken from a patient at a hospital in North Carolina in 1996 (ref. 2). 
It was weakly resistant to carbapenems, powerful broad-spectrum anti- 
biotics developed in the 1980s. 

Antibiotics have been falling to resistance for almost as long as people 
have been using them; Alexander Fleming, who discovered penicillin, 
warned about the possibility when he accepted his Nobel prize in 1945. 
Knowing this, doctors have used the most effective drugs sparingly: 
careful rationing of the powerful antibiotic vancomycin, for example, 
meant that bacteria took three decades to develop resistance to it. Pru- 
dent use, researchers thought, would keep the remaining last-resort 
drugs such as the carbapenems effective for decades. 

The North Carolinan strain of Klebsiella turned that idea on its head. 
It produced an enzyme, dubbed KPC (for Klebsiella pneumoniae carba- 
penemase), that broke down carbapenems. What's more, the gene that 
encoded the enzyme sat on a plasmid, a piece of DNA that can move 
easily from one bacterium to another. Carbapenem resistance had 
arrived. 

At first, however, microbiologists considered this CRE to be a lone 
case. Jean Patel, a microbiologist who is now deputy director of the CDC’s 
office of antimicrobial resistance, says that CDC 


staff were reassured by the fact that the sample NATURE.COM 
had been collected four years earlier and that test- Fora podcast 

ing of the remaining archives revealed no further about carbapenem 
instances of resistance. “It wasn't that there was __ resistance, see: 

a lack in interest in looking for these,” Patel says. _go.nature.com/dxmtny 
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THE RESISTANCE MOVEMENT 


Carbapenem-resistant Enterobacteriaceae have been on the move since at least 1996. 


— KPC-POSITIVE BACTERIA « 
— NDM-POSITIVE BACTERIA 


2000: Analysis of a 1996 sample 
from a North Carolinan hospital 
finds infectious Klebsiella 
pneumoniae carrying a gene 
called KPC that confers 
resistance to carbapenems. 


2003: KPC-positive bacteria 
are found spreading rapidly 
through hospitals across 
New York City. By 2007, 
21% of Klebsiella in the city 
carry the resistance gene. 


Instead, the attitude at the time was, “We have a system for identifying 
these and it’s working, and if more occur we'll hear about it”. 

But the CDC’s surveillance programme was limited: it tracked only 
41 hospitals out of some 6,000 and its analyses lagged far behind sample 
collection. So when carbapenem resistance emerged again, years passed 
before anyone noticed. 


A DIRE TREND 

The State University of New York (SUNY) Downstate Medical Center in 
Brooklyn draws patients from some of the poorest neighbourhoods in 
New York City, so it tends to be a place where dire health trends surface. 
It was not part of the CDC’s ICARE programme, but physicians there 
conduct their own bacterial surveillance to scan for emerging infectious 
threats. In 2003, a review of results from the centre’s microbiology lab 
and some collaborating ones at nearby hospitals picked up something 
that city physicians had never seen before. Over the previous six years, a 
handful of patients spread across seven institutions had been diagnosed 
with Klebsiella infections that were partially resistant to carbapenems. 
“These had been infrequent and they were flying under the radar,’ says 
John Quale, a medical researcher at Downstate. “And at about the time 
we picked them up, they just exploded” 

The infections were very serious. In one Brooklyn hospital outbreak, 
9 out of 19 patients died. In another, two infections blossomed into 
more than 30 in just six months, despite stringent infection-control 
measures. And the organism spread around the city — from Harlem 
Hospital at the north end of Manhattan to Mount Sinai Hospital on the 
Upper East Side, and then to Saint Vincent's in Greenwich Village in the 
south, where one patient died of a Klebsiella infection despite doctors 
throwing every drug they could at it. 

One of the reasons why the resistant strains spread so rapidly was that 
they were difficult to detect. Most clinical microbiology labs no longer 
painstakingly culture bacteria over days to determine which drugs they 
are susceptible to: instead, automated systems, which expose bacteria to 
graduated dilutions of drugs, can give a result in hours. But these tests, 
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2008: Doctors in Sweden 
find a new carbapenem- 
resistance gene, NDM. 
Traced back to India, 
NDM-positive bacteria 
have moved quickly. 


2005: KPC-positive bacteria 
make their way from New York to 
several other countries, including 
Israel. From Israel, the bacteria 
travel to Italy, Colombia, the 
United Kingdom and Sweden. 


Quale and his collaborators realized, were giving misleading results 
and were causing physicians to give patients doses or drugs that would 
not work. And because the infections were not eliminated, the resistant 
strain could be passed on. By 2007, 21% of all Klebsiella bacteria in New 
York City carried the carbapenem-resistance plasmid, compared with 
an average of 5% across the rest of the United States’. 

Such a rapid dissemination hinted that CREs were travelling from 
person to person rather than arising independently in each location. 
This made sense. Many Enterobacteriaceae, including Klebsiella, reside 
in the intestines and can easily be carried by an asymptomatic patient. 
If patients develop diarrhoea, as often happens after the administra- 
tion of drugs during intensive care, the infectious bacteria can spread 
far, contaminating equipment or the hands of care-givers inside the 
hospital and out. So it was easy to imagine how CREs might ride the 
subway from Brooklyn to Manhattan. But it took a few years, anda 
much larger outbreak, to illustrate just how far CREs had travelled (see 
“The resistance movement ). 


RAPID SPREAD 
In late 2005, one patient at Tel Aviv’s Sourasky Medical Center was diag- 
nosed with a KPC-positive infection that was closely related toa New 
York strain. Within months, CRE infections stormed through the hospital, 
and then through Israel's small, tight-knit health-care system. By March 
2007, there were 1,275 cases nationwide’. They were turning up across a 
network of hospitals, nursing homes, dialysis clinics and rehab centres. 

Israel has a shortage of acute-care beds, explains Mitchell Schwaber, an 
infection-control physician who was on the Sourasky faculty when the 
KPC epidemic began. “Whenever a patient can be discharged, especially 
from internal medicine, they are — which creates a lot of movement from 
acute-care facilities to long-term care facilities, and then back to either 
the same hospital or a different one” 

In response, the Israeli Ministry of Health created a national task force 
on CREs, headed by Schwaber. It demanded daily national-surveillance 
reports by e-mail, and instituted strict isolation precautions, including 
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dedicated wards, equipment and nurses. The new rules were backed up 
by surprise inspections and mandatory lab analyses to ascertain where 
new infections were coming from. 

By mid-2008, Israel had reversed its soaring trend of resistant Kleb- 
siella. But control came too late to prevent the pathogen from emigrat- 
ing: patients, physicians and nurses had brought bacteria carrying the 
KPC enzyme to Italy, Colombia, the United Kingdom and beyond. 


ALARM CALL 

In January 2008, a urine culture performed ona sample from a 59-year- 
old man hospitalized in Sweden identified a K. pneumoniae strain that 
was resistant to multiple drugs, including carbapenems’. But rather than 
using KPC, the bacterium dismantled the antibiotics with a different 
enzyme, a metallo-B-lactamase. Within three years, more cases involving 
bacteria carrying this enzyme were identified in the United Kingdom 
and in the United States. These provoked immediate alarm: they were 
even more resistant to carbapenems than the KPC-carrying Klebsiella 
bacteria, and included other Enterobacteriaceae such as Escherichia coli. 

Initially, most individuals carrying bacteria with the new resistance 
factor had some link to clinics in India, through medical tourism or 
health care needed while abroad. 
In accordance with taxonomic 
conventions, doctors named the 
new enzyme New Delhi metallo-B- 
lactamase (NDM), after the place 
where the initial Swedish patient was 
thought to have picked it up. The 
name proved unexpectedly contro- 
versial: Indian media and the Indian 
parliament denounced the acronym 
for stigmatizing India’s medical- 
tourism industry. Further work by the team that first identified NDM 
only increased the outrage when it established that bacteria carrying the 
enzyme were present in sewage and municipal water in south Asia® (see 
Nature http://doi.org/dgcs33; 2011). 

The controversy obscured NDM'’s real significance: not only had 
another resistance mechanism emerged, but CREs were now flourish- 
ing beyond hospital walls. 

Researchers were still struggling to pin down exactly how NDM was 
spreading. In the second half of 2012, staff at the University of Colo- 
rado Hospital in Aurora discovered that their institution had unknow- 
ingly hosted eight patients with NDM-positive Klebsiella bacteria, the 
largest cluster in the United States so far. The first three cases, all in 
patients with pneumonia, were found during a routine review of clinical 
specimens. When the hospital escalated its search, it also identified five 
asymptomatic carriers. 

“There was no obvious pattern,” recalls Michelle Barron, the hospital's 
infection-control physician. “These patients had been in the hospital a 
long time. They had been on multiple units. There was no single piece 
of equipment that had been used on all of them” 

Even when the CDC sequenced the bacterial genomes from all eight 
patients, the data could not explain how the bacterium had spread. Barron 
hypothesizes that, at some point, the hospital harboured a “ghost patient” 
— someone who escaped detection despite the surveillance dragnet. She 
is still looking for that person: the hospital is attempting to call back and 
sample all 1,700 patients who were treated during the crucial period. 

The episode ended well. The five carriers never fell ill, the three who 
were ill recovered, and once the hospital became aware of the cluster no 
further spread occurred. They might not be so lucky next time. 

Fresh threats are on the way. Researchers have spotted other car- 
bapenem-resistance factors moving around the globe; one has already 
appeared in the United States, and others are clustered in southern 
Europe and South America. Because each is genetically different, they 
are likely to present new challenges to detection. Infectious-disease 
specialists say that they have learned major lessons from CREs. Drug- 
resistant bacteria can emerge and spread much faster than patchy 
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“THEY WERE FLYING 
UNDER THE RADAR. 
AND AT ABOUT THE 
TIME WE PICKED 
THEM UP, THEY JUST 
EXPLODED.” 


public-health surveillance systems and outdated laboratory-detection 
methods can pick them up, and what seems like adequate infection 
control cannot always contain their spread. 

Some countries are trying to take those lessons on board. Hospitals 
in Israel now practise ‘active surveillance, meaning that ifa new patient 
has been to any other health-care institution in the past six months they 
are checked for CREs. And anyone who tests positive for such bacteria 
is flagged as a carrier in national-health records, which are accessible 
to hospitals, nursing homes and community physicians. France and the 
United Kingdom follow similar rules, but unfortunately many countries 
do not. Earlier this month, the European Centre for Disease Prevention 
and Control in Stockholm published a candid self-assessment by 39 
European countries of their CRE burden and ability to counter these 
organisms’. Only 21 said they have achieved the kind of national coor- 
dination that allowed Israel to contain its epidemic. 

The United States operates a patchwork of surveillance systems. The 
CDC looks for CREs through three separate data networks, but none of 
these covers the entire country. At least nine states have made report- 
ing CRE cases to their health departments mandatory. The CDC has 
also created a robust tool kit of best practices for health departments 
and hospitals, such as restricting staff 
assignments and equipment use in 
hospitals, and identifying infections 
in the long-term care facilities that 
feed patients into hospitals. These 
measures helped institutions in Illi- 
nois and Florida to shut down out- 
breaks in 2008 and 2009. 


LIMITED OPTIONS 
Meanwhile, lab-detection methods 
have improved; the CDC’s use of whole-genome sequencing to solve 
the Colorado episode was the first time that the agency deployed that 
technology to tackle a hospital outbreak. And public-health depart- 
ments’ ability to identify threats has been bolstered by boluses of fed- 
eral money after the 2001 World Trade Center attack and subsequent 
anthrax attacks, and in the 2009 stimulus package. But these investments 
might be rolled back during the current federal budget sequester. 

Physicians who treat patients unlucky enough to be caught up in 
these outbreaks have no better medicines than they did when CREs first 
emerged. Some organisms respond to two drugs, tigecycline and colistin 
(also known as polymyxin E). Neither works in every patient, and colis- 
tin is notorious for damaging the kidneys. Physicians find themselves 
caught between using bad drugs or using no drugs at all. 

It seems unlikely that new drugs will become available soon. Per- 
versely, the rapid advance of resistance and the consequent need to use 
these drugs sparingly has convinced pharmaceutical companies that 
antibiotics are not worth the investment. 

That means, say infectious-disease experts, that their best tools for 
defending patients remain those that depend on the performance 
of health personnel: handwashing, the use of gloves and gowns, and 
aggressive environmental cleaning. Yet even research that could 
improve best practices has been short-changed, says Eli Perencevich, 
an infectious-diseases physician and epidemiologist at the University of 
Iowa in Iowa City who studies how resistant bacteria move around hos- 
pitals. “We haven't invested in research in how to optimize even standard 
infection-control practices. We just blame the health-care workers when 
they go wrong.” m SEE EDITORIAL P.379 


Maryn McKenna is an independent journalist in Atlanta, Georgia. 
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Pigs carrying methicillin-resistant Staphylococcus aureus were found on US farms for the first time in 2007. 


Microbiologists are trying to work out whether use of antibiotics on 
farms is fuelling the human epidemic of drug-resistant bacteria. 


BY BETH MOLE 


he sight of just one boot coming through the doorway cues 

the clatter of tiny hoofs as 500 piglets scramble away from 

Mike Male. “That’s the sound of healthy pigs,” shouts Male, 

a veterinarian who has been working on pig farms for more 

than 30 years. On a hot June afternoon, he walks down the 
central aisle of a nursery in eastern Iowa, scoops up a piglet and dangles 
her by her hind legs. A newborn piglet’s navel is an easy entry point for 
bacterial infections, he explains. If this pig were infected, she would have 
an abscess, a lump of inflamed tissue, just below the navel. “In human 
terms, shed be an outie instead of an innie,” he says, rubbing the pig’s 
healthy, pink belly button. 

Nearly six years ago, an outbreak of ‘outies’ at this nursery marked 
the first known infection with methicillin-resistant Staphylococcus 
aureus (MRSA) in pigs in the United States. MRSA has troubled 
hospitals around the world for more than four decades and has been 
infecting people outside of health-care settings since at least 1995 
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(see Nature 482, 23-25; 2012). It causes around 94,000 infections and 
18,000 deaths annually in the United States. In the European Union, 
more than 150,000 people are estimated to contract MRSA each year. 
Its first appearance on a US farm signalled the expansion of what many 
believe is a dangerous source of human infection. 

Male investigated the infections with Tara Smith, an epidemiologist 
at the University of Iowa in Iowa City, who has since launched one of 
the most comprehensive investigations yet of where MRSA lives and 
how it spreads into and out of agricultural settings. She has surveyed 
farms and grocery stores as well as people’s homes, noses and pets. Her 
findings could help to end a raging debate about whether farms’ use of 
antibiotics is contributing to the rise of drug-resistant bacterial infec- 
tions in humans. 

Scientists and health experts fear that it is, and that drug-resistant 
bacteria from farms are escaping via farmworkers or meat. Last year, the 
US Food and Drug Administration (FDA) recommended more restraint 
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in the use of antibiotics in livestock, following the lead of regulatory 
authorities in other countries (see Nature 481, 125; 2012). 

But the meat and agricultural industries are fighting those restric- 
tions. They claim that MRSA and other drug-resistant bacteria that cause 
human infections arise in hospitals, and that meat production includes 
safety measures, such as sanitation rules in slaughterhouses, that prevent 
resistant bacteria from spreading to and infecting people. “There's along 
way between the farm and the table,” says Ron Phillips, a representative 
for the Animal Health Institute, a trade organization based in Washington 
DC that represents veterinary-medicine companies. 

The major problem has been lack of data. Many farmers are reluctant 
to allow scientists access to their facilities, and farmworkers — many of 
whom, in the United States, are undocumented immigrants — are wary 
of anyone who might want to sample them. But Smith and a small group 
of researchers are starting to fill the void. They have “really shaped the 
state of knowledge in the United States’, says Christopher Heaney, an 
epidemiologist at Johns Hopkins University in Baltimore, Maryland. 
Smith's current research, says Heaney, could allow officials to “truly say 
where these bacteria in people's noses are coming from”. 


PROFIT AND LOSS 

At a concentrated animal-feeding operation (CAFO) about an hour's 
drive west from Ames, Iowa, the usual din of the nursery is punctuated 
by the sound of piglets sneezing, thanks to an outbreak of H1N2 influenza. 
Craig Rowles, a veterinarian and the farm’s manager, surveys his charges, 
some of which have mucus dripping from their snouts. “It’s just like when 
you bring kids to a day-care centre,’ he says. “After a while, they're going 
to come home with a snotty nose’ 

Rowles is using a vaccine to fight the outbreak, but he is also dosing the 
pigs with two antibiotics — chlorotetracycline and Denagard — to pre- 
vent secondary bacterial infections. The combination is also routinely 
used to prevent bacterial diarrhoea and 
other common ailments in piglets. 

Such practices have been com- 
mon for decades. But few CAFOs have 
veterinarians on staff to advise on antibi- 
otic use. They are not required to: veter- 
inary antibiotics are generally available 
over the counter. And some CAFO opera- 
tors use antibiotics much more liberally 
than Rowles does. Small doses of antibiot- 
ics in feed curb low-grade infections that 
might otherwise stymie livestock growth. 
Studies have found that certain antibiotics can increase pigs’ growth 
rate by 2.5%, enough to make the difference for farmers between profit 
and loss. In the current US market, a farmer might get around US$1 per 
pound for a pig that costs about $0.94 per pound to produce. Although 
farm owners do not always reveal the quantities or types of antibiot- 
ics they use, an analysis of FDA data by researchers at the Johns Hop- 
kins Center for a Livable Future in Baltimore found that in 2009, some 
13.1 million kilograms — 80% of the antibiotics sold in the United States 
that year — were used on farms. 

Antibiotic use on such a broad scale leads to resistant microbes. In a 
1976 study, Stuart Levy, a microbiologist at Tufts University School of 
Medicine in Boston, Massachusetts, found that when farmers started 
using tetracycline, the numbers of tetracycline-resistant bacteria on the 
farms spiked’. Within months, resistance had spread to microbes in 
farmworkers’ intestinal tracts. “You don’t have to look that far to see 
resistant bacteria moving to the environment,’ Levy says. 

In humans, S. aureus generally lives peacefully on the skin and in 
the nose. But if the bacterium enters the body through a wound, for 
example, it can become an aggressive pathogen and eventually make its 
way into the bloodstream to cause deadly infections. Most infections 
succumb to antibiotics, but resistant varieties, including MRSA, can 
be difficult if not impossible to cure. There are 270,000 strains, each 
potentially harmful. 


“IN 2009, 
80% OF THE 
ANTIBIOTICS 
SOLD IN THE 
UNITED STATES 
WERE USED ON 
FARMS.” 
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Smith and her colleagues are distinguishing the strains of S. aureus 
around Iowa City in part by sequence type (ST), a categorization based 
on DNA sequences from several places in the genome. The sequence 
type that Male and Smith found in the Iowa nursery in 2007 was ST398 
(ref. 2). Before then, researchers had seen ST398 mostly in Europe, 
where it was found in livestock and farmworkers but usually did not 
cause infection. 

But two years earlier, ST398 had been reported in a hospital in 
Hong Kong’, from patient samples dating back to the early 2000s. For 
Smith and her collaborator Lance Price, an epidemiologist at George 
Washington University in Washington DC, it was a sign that the bound- 
aries between animal and human infections were blurring. 

In February 2012, Price, Smith and their colleagues published a 
genetic analysis of strains related to ST398 isolated from animals and 
humans around the world*. They found that the lineage that gave rise 
to ST398 originated in humans. At some point, it crossed into livestock, 
where it acquired genes conferring drug resistance and a preference for 
pigs before jumping back to humans. As of 2012, ST398 was the cause 
of up to 20% of human cases of MRSA in the Netherlands, although the 
infections are generally mild. 

“No one has even looked at these strains in the United States,” says 
Smith. Doctors, she says, often don’t determine what strain of MRSA 
is causing an infection, so it is possible that the bug has been stealthily 
migrating between farms and hospitals for years. 

Smith’s next step was to see if there were other ways MRSA might 
make it off the farm. At a grocery store on the outskirts of Iowa City, 
Smith pulls a shopping cart from a metal corral, takes a sterile swab 
from her purse, wipes the cart’s handle and deposits the swab in a plastic 
sheath. Then she heads to the meat case. “I think the average consumer 
doesn’t think of this as a risk,” Smith says, picking up a shrink-wrapped 
tray of bright red steaks. Her swabs have told a different story. 

Beginning in January 2012, Smith and 
her research assistant, Dipendra Tha- 
paliya, spent a year collecting weekly 
swabs and meat samples from local gro- 
cery stores, including this one. They 
found S. aureus on nearly every type of 
surface. Five per cent of grocery carts 
carried MRSA. Of meat samples, 30% 
harboured S. aureus, 11% had S. aureus 
resistant to multiple antibiotics and 3% 
carried MRSA. The data, which have not 
been published, also showed that pork 
products had some of the highest levels of MRSA, whereas meat labelled 
‘antibiotic free had little or none. This mirrors what Smith and her 
colleagues found in samples from farms across the state. 


ON THE MENU 
Now Smith is conducting detailed genetic analyses of the samples to 
identify MRSA subtypes and where they might have originated. She 
and her colleagues have found ST398 in the grocery-store samples. But 
to their surprise, they also found ST5, which is generally found in hos- 
pitals and in ‘community’ infections with no obvious link to farms or 
hospitals. Last year, Smith and Timothy Frana, a microbiologist and 
veterinarian at Iowa State University in Ames, found that veterinary 
students who carried MRSA in their noses after visiting pig farms picked 
up mainly ST'5, most of which was resistant to tetracycline’. The pres- 
ence of ST5 among livestock suggests that S. aureus strains may move 
easily between pigs and people, and may become resistant on farms. “It’s 
the most interesting finding from our study,’ says Frana. 

In lab tests, Smith and her colleagues have found that 30% of the 
S. aureus harboured in meat is resistant to tetracycline. Given Levy’s 
data from the 1970s, this is not surprising, says Smith. But research- 
ers, including Heaney and his group at Johns Hopkins, are finding 
that a bacterium’s drug-resistance profile can give information about 
where the bug came from that sequence type and other gene-based 
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FROM THE FARM 
AND BACK AGAIN 


The liberal use of antibiotics on pig farms has been 
implicated in the transmission of methicillin-resistant 
Staphylococcus aureus (MRSA), but tracing the origin 
of an infection is tricky. 


2? 


Pigs fed antibiotics are 
known to spread MRSA 
to farmworkers, and MRSA 
strains show up in meat 
products, but it is unclear 
whether this is a significant 
source of human infection. 


= 
_— 


MRSA strains historically = 


associated with hospital and 
community infections have 
also turned up on farms. 


categorizations may not. Ina study comparing workers from different 
farms, tetracycline-resistant MRSA showed up only in workers from 
farms where antibiotics were used’. 

In the last phase of their research, Smith and her colleagues will try 
to determine whether MRSA is trafficking between farms, households 
and clinics (see ‘From the farm and back agai’). They are taking nasal 
samples from 1,300 people and swabbing doorknobs, kitchen sinks and 
even family pets in 96 households around Iowa City. The researchers 
are comparing the S. aureus strains they find in these samples with the 
MRSA strains they have found in grocery stores and farms and with 
strains local doctors find in infected patients. If a strain shows up in 
all the locations, the researchers will sequence the whole genomes of 
individual isolates to retrace their movement and evolution. The results 
have the potential to create the first complete link between farms and 
clinical cases of MRSA. 


BAN VERSUS BEAST 
CAFO supporters acknowledge that farm strains of drug-resistant bac- 
teria could theoretically spread to people. But “I don't see this equating to 
human health risk’; says Scott Hurd, a veterinarian and epidemiologist 
at Iowa State University who has conducted multiple studies to assess the 
risk of drug-resistant bacteria spreading through meat production. He 
says that the average person has a greater chance of dying froma bee sting 
than of contracting MRSA from pork. Hurd argues that limiting the use 
of antibiotics on farms could be harmful to human health. Even Smith’s 
grocery-store study found that meat sold as ‘antibiotic free’ had the highest 
levels of garden-variety S. aureus, suggesting that untreated animals har- 
bour more pathogens. “Animals really do need to be treated? Hurd says. 

Nevertheless, regulatory authorities have clamped down on antibiotic 
use on farms. The European Union began phasing out antibiotics for 
growth promotion in the late 1990s. Denmark led the charge with a full 
ban in 2000. (China, however, which claims half the world’s pig popula- 
tion, has yet to rein in antibiotic use.) 

The bans’ effects on drug resistance and human and animal health 
have been murky. Levy and other supporters of the bans say that the 
result in Denmark has been positive, pointing to data showing a drop 
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MRSA infections in 
humans have been 
acquired mainly in 
hospitals or in 
community settings. 


With so much 
movement, the 
distinctions between 
MRSA strains from 
hospitals, communities 
and livestock are 
breaking down. 


MRSA 
infection 


in the use of antibiotics on farms and an increase in meat production. 
But opponents, including the Animal Health Institute, point out that 
the use of antibiotics to treat acute illness in Denmark has increased, as 
have animal deaths. 

Last year, anid mounting pressure from several groups, including 
the National Resources Defense Council, based in New York, the FDA 
released new guidance calling for the “judicious use” of antibiotics 
on farms. The agency discouraged the use of antibiotics for growth 
promotion and urged label changes to the drugs and more veterinary 
oversight for their application. Not all the guidelines are yet approved, 
and compliance is voluntary. Nevertheless, the agency has suggested 
that it will enforce tougher rules if farmers and drug-makers do not 
adopt the guidelines within about three years. Few are satisfied with the 
FDAs policy. Pig farmers and meat-industry representatives consider 
the move a blow to farmers and animal welfare, and supporters of anti- 
biotic restriction say that the voluntary guidelines do not go far enough. 
Scientists, meanwhile, have pressed the FDA to reveal more data on how 
farmers are using antibiotics, so far without success. 

Smith, who is concerned that farmers are still overusing antibiotics, 
hopes that the results of her current research will sway their opinions. 
Antibiotics on farms can trigger the emergence of resistant strains, she 
says, and those strains turn up on meat, in grocery stores and in homes, 
and they can infect people. “For me, that’s enough,” she says. 

At the same time, Smith says that she sympathizes with CAFO opera- 
tors who are trying to produce meat as safely and efficiently as possible. 
And although human health should take priority over farm animals, she 
says, farmers will be reluctant to change until researchers can come up 
with safe and cost-effective practices to replace the use of antibiotics. 
For now, Smith says, “we're kind of stumped”. mSEE EDITORIAL P.379 


Beth Mole is an intern for Nature in Washington DC. 
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The man who linked Mountain guardian Do Nobel laureates Jerome Karle, crystal 
ecological isolation and asks astronomers to eat more chocolate than the structure mathematician, 
speciation p.404 show respect p.407 foot soldiers of science? p.409 remembered p.410 
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Pipes transport oil from rigs on Endicott Island in Alaska. 


Vast costs of Arctic change 


Methane released by melting permafrost will have global impacts that must be better 
modelled, say Gail Whiteman, Chris Hope and Peter Wadhams. 


nlike the loss of sea ice, the vulner- 

| ability of polar bears and the rising 

human population, the economic 

impacts of a warming Arctic are being 
ignored. 

Most economic discussion so far assumes 
that opening up the region will be beneficial. 
The Arctic is thought to be home to 30% of 
the world’s undiscovered gas and 13% of its 
undiscovered oil, and new polar shipping 
routes would increase regional trade’”. The 
insurance market Lloyd’s of London esti- 
mates that investment in the Arctic could 


reach US$100 billion within ten years’. 

The costliness of environmental damage 
from development is recognized by some, 
such as Lloyd’s’ and the French oil giant 
Total, and the dangers of Arctic oil spills are 
the subject of a current panel investigation 
by the US National Research Council. What 
is missing from the equation is a worldwide 
perspective on Arctic change. Economic 
modelling of the resulting impacts on the 
world’s climate, in particular, has been scant. 

We calculate that the costs of a melting 
Arctic will be huge, because the region is 
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pivotal to the functioning of Earth systems 
such as oceans and the climate. The release 
of methane from thawing permafrost 
beneath the East Siberian Sea, off northern 
Russia, alone comes with an average global 
price tag of $60 trillion in the absence of 
mitigating action — a figure comparable to 
the size of the world economy in 2012 (about 
$70 trillion). The total cost of Arctic change 
will be much higher. 

Much of the cost will be borne by devel- 
oping countries, which will face extreme 
weather, poorer health and lower 


25 JULY 2013 | VOL 499 | NATURE | 401 


Bubbles of methane emerge from sediments below a frozen Alaskan lake. 


> agricultural production as Arctic warming 
affects climate. All nations will be affected, not 
just those in the far north, and all should be 
concerned about changes occurring in this 
region. More modelling is needed to under- 
stand which regions and parts of the world 
economy will be most vulnerable. 


ECONOMIC TIME BOMB 

As the amount of Arctic sea ice declines 
at an unprecedented rate**, the thawing of 
offshore permafrost releases methane. A 
50-gigatonne (Gt) reservoir of methane, 
stored in the form of hydrates, exists on the 
East Siberian Arctic Shelf. It is likely to be 
emitted as the seabed warms, either steadily 
over 50 years or suddenly®. Higher meth- 
ane concentrations in the atmosphere will 
accelerate global warming and hasten local 
changes in the Arctic, speeding up sea-ice 
retreat, reducing the reflection of solar 
energy and accelerating the melting of the 
Greenland ice sheet. The ramifications will 
be felt far from the poles. 

To quantify the effects of Arctic meth- 
ane release on the global economy, we used 
PAGEO9. This integrated assessment model 
calculates the impacts of climate change and 
the costs of mitigation and adaptation meas- 
ures. An earlier version of the PAGE model 
was used in the UK government's 2006 Stern 
Review on the Economics of Climate Change 
to evaluate the effect of extra greenhouse-gas 
emissions on sea level, temperature, flood 
risks, health and extreme weather while taking 
account of uncertainty’. The model assesses 
how the net present value of climate effects 
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varies with each tonne of carbon dioxide 
emitted or saved. 

We ran the PAGE09 model 10,000 times to 
calculate confidence intervals and to assess 
the range of risks arising from climate change 
until the year 2200, taking into account sea- 
level changes, economic and non-economic 
sectors and discontinuities such as the melt- 
ing of the Greenland and West Antarctic 
ice sheets (see Supplementary Information; 
go.nature.com/rueid5). We superposed 
a decade-long pulse of 50 Gt of methane, 
released into the atmosphere between 
2015 and 2025, on two standard emissions 
scenarios. First was ‘business as usual’: 
increasing emissions 
of CO, and other 


Wi Lesipentiae greenhouse gases 
owe - with no mitigation 

action (the scenario 
attached used by the Inter- 
top hy. sical governmental Panel 
pies inthe 6 Climate Change 


Special Report on 
Emissions Scenarios 
A1B). Second was a ‘low-emissions case, in 
which there is a 50% chance of keeping the 
rise in global mean temperatures below 2°C 
(the 2016r5low scenario from the UK Met 
Office). We also explored the impacts of later, 
longer-lasting or smaller pulses of methane. 

In all of these cases there is a steep global 
price tag attached to physical changes in 
the Arctic, notwithstanding the short-term 
economic gains for Arctic nations and some 
industries. 

The methane pulse will bring forward by 
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15-35 years the average date at which the 
global mean temperature rise exceeds 2°C 
above pre-industrial levels — to 2035 for the 
business-as-usual scenario and to 2040 for 
the low-emissions case (see ‘Arctic methane’). 
This will lead to an extra $60 trillion (net pre- 
sent value) of mean climate-change impacts 
for the scenario with no mitigation, or 15% 
of the mean total predicted cost of climate- 
change impacts (about $400 trillion). In the 
low-emissions case, the mean net present 
value of global climate-change impacts is 
$82 trillion without the methane release; 
with the pulse, an extra $37 trillion, or 45% 
is added (see Supplementary Information). 
These costs remain the same irrespective of 
whether the methane emission is delayed 
by up to 20 years, kicking in at 2035 rather 
than 2015, or stretched out over two or three 
decades, rather than one. A pulse of 25 Gt of 
methane has half the impact ofa 50 Gt pulse. 

The economic consequences will be 
distributed around the globe, but the model- 
ling shows that about 80% of them will occur 
in the poorer economies of Africa, Asia and 
South America. The extra methane magni- 
fies flooding of low-lying areas, extreme heat 
stress, droughts and storms. 


GLOBAL PROBLEM 
The full impacts ofa warming Arctic, includ- 
ing, for example, ocean acidification and 
altered ocean and atmospheric circulation, 
will be much greater than our cost estimate 
for methane release alone. 

To find out the actual cost, better models 
are needed to incorporate feedbacks that 
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ARCTIC METHANE 
Global mean temperatures will rise more 


quickly if 50 gigatonnes of methane is released 
from permafrost beneath the East Siberian Sea. 
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Solid lines indicate mean results from the PAGEOQ 
model; dashed lines indicate confidence intervals, 
5% (lower) and 95% (upper). 


are not included in PAGEO9, such as linking 
the extent of Arctic ice to increases in Arctic 
mean temperature, global sea-level rise and 
ocean acidification, as well as including esti- 
mates of the economic costs and benefits of 
shipping. Oil-and-gas development in the 
Arctic should also, for example, take into 
account the impacts of black carbon, which 
absorbs solar radiation and speeds up ice 
melt, from shipping and gas flaring. 
Splitting global economic impact figures 
into countries and industry sectors would 
raise awareness of specific risks, including 
the flooding of small-island states or coastal 
cities such as New York by rising seas. Mid- 
latitude economies such as those in Europe 
and the United States could be threatened, for 
example, by a suggested link between sea-ice 
retreat and the strength and position of the jet 
stream’, bringing extreme winter and spring 
weather. Unusual positioning of the jet stream 
over the Atlantic is thought to have caused 


this year’s protracted cold spell in Europe. 

Such integrated analyses of Arctic change 
must enter global economic discussions. But 
neither the World Economic Forum (WEF) 
in its Global Risk Report nor the Interna- 
tional Monetary Fund in its World Economic 
Outlook’ recognizes the potential economic 
threat from changes in the Arctic. 

In 2012, noting that the far north is 
increasing in strategic importance and 
citing the need for informal dialogue 
among world leaders, the WEF launched its 
Global Agenda Council on the Arctic. This 
is welcome but more action is needed. The 
WEF should kick-start investment in rigor- 
ous economic modelling. It must ask world 
leaders to consider the economic time bomb 
beyond short-term gains from shipping and 
extraction. 

The WEF should also encourage innova- 
tive adaptation and mitigation plans. It will 
be difficult — perhaps impossible — to avoid 
large methane releases in the East Siberian 
Sea without major reductions in global 
emissions of CO,. Given that the methane 
originates in local seabed warming, then 
reducing black carbon deposits on snow 
and ice might buy some precious time’”. But 
unknown factors could also mean that our 
impact estimates are conservative. Methane 
emerging in a sudden burst could linger for 
longer in the atmosphere, and trigger more 
rapid temperature changes than if the gas 
were released gradually. 

Arctic science is a strategic asset for 
human economies, because the region drives 
critical effects in our biophysical, political 
and economic systems. Without this recog- 
nition, world leaders and economists will 
miss the big picture. = 
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EVOLUTIONARY BIOLOGY 
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David ack (left) gaekine out nests of ieahines swifts in Ithaca, New York. 


Rare bird of 


evolution 


Ben Sheldon applauds a life of the schoolmaster who 
broke new ground on Darwin’s finches and speciation. 


( ves Darwin had remarkably little 
to say about how the birds that bear 
his name — Darwin's finches — came 

to have such a variety of beaks, despite their 
iconic status in evolutionary biology. It was 
left to an English schoolmaster on sabbatical 
in the late 1930s to carry out the first serious 
work on this question. 

David Lack’s insight, gleaned from a four- 
month field trip to the Galapagos archipelago 
in 1938-39, ultimately centred on the role of 
ecological isolation in speciation. As Ted 
Anderson shows in his charming and very 
readable biography, Lack’s argument, which 
developed slowly, was that differences in the 
way populations adapt to and compete for 


404 | NATURE | VOL 499 | 25 JULY 2013 


local resources (such as seeds, in the case of 
finches) is a key part of the process of spe- 
ciation. Although Lack completely changed 
his mind in print between 1940 and 1947, his 
work was extremely influential. Ernst Mayr, 
an evolutionary biologist with whom Lack 
corresponded extensively, credited Lack with 
introducing the idea of ecological isolation 
to the process of speciation. More recently, 
Canadian evolutionary biologist Dolph 
Schluter quipped that Darwin's finches, which 
have continued to provide a rich model for 
work on speciation, natural selection and 
evolutionary genetics, should be known as 
Lack’s finches. 

That a then schoolmaster contributed 


© 2013 Macmillan Publishers Limited. All rights reserved 


to our understand- 
ing of a major issue 
in evolutionary biol- 
ogy by means of a few 
months’ rather chaotic 
field study reflects a 
different age of scien- 
tific enquiry. So, too, 
does Lack’s completely 
missing the point in his 
first major paper on 
the subject, in which he 
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Oxford University ity of adaptive causes of 
Press: 2013. beak-size differences. 


The central message 
of Anderson's book is that Lack should be 
understood as someone who bridged the 
gap between traditional natural history 
and the development of its modern aca- 
demic descendant, evolutionary ecology. 
Indeed, Anderson argues that Lack’s depth 
and breadth of impact were such that he 
deserves to be credited as a parent of the 
discipline. 

Lack’s scientific career began at a time 
when boundaries between amateur and 
professional were still blurred. He taught 
science at the progressive Dartington Hall 
School in Devon, and involved his pupils in 
early studies of robin behaviour. Mayr and 
evolutionary biologist Julian Huxley acted as 
mentors well before Lack established himself 
in his first academic post, as director of the 
Edward Grey Institute of Field Ornithology 
at Oxford University, UK (the post I now 
hold). Once in the Establishment, he with- 
drew from engaging with non-academic 
ecology. Anderson hints that this is most 
likely to have been due to conflicts with Max 
Nicholson — a giant of twentieth-century 
conservation and pioneer of what would 
now be called citizen science. They clashed 
over the academic direction of the insti- 
tute, to which Lack was appointed against 
Nicholson's wishes. 

Although he worked exclusively on birds, 
Lack’s insights could frequently be gener- 
alized to other taxa. Birds are enduringly 
popular with macroecologists, thanks to the 
tremendous volume of information collected 
by amateur ornithologists, and (ironically) 
their rather limited diversity. Lack worked as 
the ‘modern synthesis’ in evolutionary biol- 
ogy was being developed (by Mayr among 
others). He was, if not one of its architects, 
one of its first practitioners. 

Lack was particularly adept at using 
comparative approaches to derive general 
rules about how ecology affects evolution. 
He also provided much of the underpin- 
ning for modern population biology, using 
information from studies of marked indi- 
viduals to estimate lifespans and rates of 
reproduction in the wild. Again, the foun- 
dations of this work were laid while Lack 


LACK FAMILY 


was a schoolmaster, and are described in 
his classic The Life of the Robin (1943). At 
Oxford, he established population studies 
of the swift and the great tit, now in their 
seventh decade. 

The Life of David Lack is organized 
chronologically around the 13 books Lack 
wrote before his death at the age of 62. This 
approach interweaves his science and life, 
but at times seems forced. Lack’s major con- 
tributions to science arguably rest on just 
four of those books — Darwin's Finches and 
his three synthetic works on evolutionary 
ecology published between 1954 and 1968. 
A more in-depth exploration of the lasting 
influence of these four would be of con- 
siderable interest. Furthermore, the match 
between the content of the books when pub- 
lished and Lack’s scientific and personal life 
at the time is not always very close. 

However, Anderson gives us a vivid 
portrait of Lack and the personalities and 
careers of many people he interacted with. 
Lack was a socially reserved man, for whom 
family life was of great importance, but he 
was also often described as prickly and abra- 
sive over scientific issues. Anderson does 
not shy away from discussing Lack’s scien- 
tific and personal conflicts. For instance, he 
gives a clear exposition of the long-running 
debate between Lack and zoologist Vero 
Wynne-Edwards over the balance of group 


and individual- : 
level selection “Lack provided 


in population much of the 
regulation, which underpinning 
presages current for modern 
debates on levelsof population 
selection. Hetakes biology.” 

us from the origin 

of the clash to an eventual rapprochement 
on a natural history trip in the Scottish 
Highlands. 

The iciness between Lack and zoolo- 
gist Charles Elton — a founder of popula- 
tion ecology who was a colleague of Lack’s 
at Oxford and a neighbour for decades — 
remains something of a mystery, however. 
Despite sharing a building in Oxford’s 
Botanic Garden, the door between Lack’s 
and Elton’s groups remained locked until 
Elton’s retirement. Anderson speculates 
that the simple ecological principle of com- 
petitive exclusion might lie at the root of 
the conflict: here were two scientists who 
sought to explain the same general biologi- 
cal phenomena, using approaches that were 
too similar to enable their easy coexistence. 
Imagine how evolutionary ecology might 
have developed had they collaborated. m 


Ben C. Sheldon is Luc Hoffmann Professor 
of Field Ornithology and director of the 
Edward Grey Institute in the Department of 
Zoology at the University of Oxford, UK. 
e-mail: ben.sheldon@zoo.ox.ac.uk 


Books in brief 


The Truth in Small Doses: Why We’re Losing the War on Cancer — 


— and How to Win It 
Truth Clifton Leaf SIMON & SCHUSTER (2013) 
S in The US ‘war on cancer’ begun in 1971 has been an overall failure, 
Mall argues journalist and cancer survivor Clifton Leaf. Over the past 
OSes AO years, he shows, crude deaths of US citizens from cancer have 
hd risen by 14%, although those from stroke and other killer diseases 
Peat have fallen. The developing-world burden is also rising. In his 
lifton | caf | exhaustively researched study probing why, Leaf points to a “cancer 
y culture” in which scientists and medics think small, fail to coordinate 


results and focus on publishing rather than achieving breakthroughs. 


Paralysed with Fear: The Story of Polio 

Gareth Williams PALGRAVE MACMILLAN (2013) 

With the World Health Organization poised to roll out its Polio 
Eradication and Endgame Strategic Plan 2013-2018, the door 
could finally close on this devastating disease. Medical researcher 
Gareth Williams negotiates the hairpin bends of polio’s history with 
aplomb. He takes us from its discovery by London medic Michael 
Underwood in the eighteenth century to Karl Landsteiner’s isolation 
of the virus in 1908, and on through the twentieth century, when 
polio paralaysed and killed millions, and consigned some to iron 
lungs or a life in callipers. A detailed, science-rich treatment. 


— An Uncertain Glory: India and its Contradictions 
Jean Dréze and Amartya Sen ALLEN LANE (2013) 


Dinca The world's largest democracy and one of its swiftest- growing 
lor n economies lags behind many nations in immunization, education, 
a medical care, the power sector and other key services. Economists 
mae Amartya Sen and Jean Dréze explore why India is “climbing up the 
TION ladder of per capita income while slipping down the slope of social 
ANDRE Ze g | indicators”. China, for instance, contributes 2.7% of gross domestic 
= A iy product to public health; India, just 1.2%. A cogent synthesis of the 
S state of a nation where high-tech success sits cheek by jowl with 


widespread open defecation and gross social inequality. 


——_— Nutritionism: The Science and Politics of Dietary Advice 
NUTRITIONISIM Gyorgy Scrinis COLUMBIA UNIVERSITY PRESS (2013) 
The Sete From diktats on salt to rulings on carbs, nutritional advice can 
turn supermarket aisles into minefields. Sociologist Gyorgy Scrinis 
blames “nutritionism”, a reductive ideology that has dominated 
nutrition science for decades. It is a myth, he argues, that the 
| interplay between nutrients, food and the body is fully understood. 
Meanwhile, much nutritional science focuses on individual nutrients 
OPP hia, such as fats, divorced from context such as overall diet. Scrinis calls 
Se for an integration of sound science with optimal production and 
processing, and hands-on cultivation and cooking. 


er and 
Dieters cyt tit 


Seaweeds: Edible, Available and Sustainable 

Ole Mouritsen UNIVERSITY OF CHICAGO PRESS (2013) 

Anyone who has wandered a wrack-strewn beach or munched nori- 
wrapped sushi knows the singular appeal of seaweeds. Biophysicist 
Ole Mouritsen trawls their biology and cultural roles as fertilizer, 
additives, medicine and food. Packed with minerals, proteins, trace 
elements and fatty acids, these algae are tasty, abundant and easily 
cultivable, and could feed future billions. Mouritsen even includes 
recipes: from seaweed pesto and dulse ice cream to kelp broth, a 
sea garden of delights. BarlaraKiser 
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CRYPTOZOOLOGY 


Beastly fakes 


Daniel Cressey delves into a sceptics’ history of 
monster hunters and their mythical quarry. 


r | Vhe animals that star in Abomina- 
ble Science! will be known to most 
children. Sadly, none of them exist. 

Daniel Loxton, a journalist for Skeptic 

science magazine, and palaeontologist 

Donald Prothero dedicate their engaging 

book to chronicling how we arrived at a 

point at which, despite a huge absence of 

evidence, people still believe in cryptids 
such as the yeti, the Loch Ness monster, sea 
serpents and the ‘Congo dinosaur’ (Mokele 

Mbembe), a purported living sauropod. 

What emerges is a never less than rig- 
orous examination of the evidence, and a 
cultural history of cryptozoology. Loxton 
and Prothero, who take it in turns to pen 
chapters, have a grudging respect for some 
of the characters who populate this bizarre 
world of monster hunters, if more for their 
doggedness than their scientific preci- 
sion. They point out that a number of real 
animals, such as the okapi and mountain 
gorilla, have been discovered after scien- 
tists investigated the stories of locals and 
vague reports of sightings. “The distinction 
between cryptozoology and conventional 
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biology is not neces- 
sarily very big,” they 
write, before compre- 
hensively document- 
ing that ‘necessarily’ is 
a key caveat. 

Some hunters of 
Bigfoot, or Sasquatch, 
the gigantic primate 
that supposedly stalks 
the forests of North 
America, do seem to 
behave like biologists. 
A less kind interpre- 
tation would be that 
they adopt the trap- 
pings of science, but 
ignore its philosophy. 
As Loxton and Prothero demonstrate, the 
hunters’ behaviour would appal most right- 
thinking field researchers. The title of the 
book says it all. 

Each chapter follows a similar pattern, 
starting with an early pioneer combining 
some folk tales with a vague sighting of 
something in the distance. This is generally 


Abominable 
Science! Origins 
of the Yeti, Nessie, 
and Other Famous 
Cryptids 

DANIEL LOXTON AND 
DONALD R. PROTHERO 
Columbia University 
Press: 2013. 
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followed by other people faking evidence, 
until a self-reinforcing legend is established. 
As more monster hunters flock to find the 
beast, more dubious evidence is generated. 
Before you know it, there is a souvenir shop 
selling T-shirts. 

Yet it is the hunters — ranging from out- 
right rogues to serious, if misguided, research- 
ers — who make this a gripping read. For 
instance, Bernard Heuvelmans, referenced as 
the founder of modern cryptozoology, earned 
a doctorate studying aardvark teeth, worked 
as a jazz musician and comedian, escaped 
from the Nazis and befriended Tintin creator 
Georges Prosper Remi (known by the pen- 
name ‘Hergé) before 


producing his work on “What : 

cryptids of all kinds. emerges 1s 
Ona 1958 expedi- “Never less 

tion to Tibet to seek thanrigorous 

the yeti (a kind of examination 

Himalayan Bigfoot), of the 

led by Texas oil baron evidence.” 


Tom Slick, some 

members of the group allegedly performed 
sleight of hand on a sacred relic, swapping 
human finger bones for purported yeti 
bones. The stolen bones were reportedly 
smuggled out of the country in the luggage 
of actor James Stewart. 

Going by these and other anecdotes in 
Abominable Science! — such as people 
strapping on fake wooden feet to create 
‘Sasquatch’ tracks — the book could justi- 
fiably have been a compilation of mockery 
and humour. In fact, it is a sensitive but 
devastating takedown ofan entire subcul- 
ture. It culminates in a final chapter that 
poses a puzzling question: why do people 
believe in monsters, in a world under sur- 
veillance by satellites and camera-toting hik- 
ers? No credible photograph of any of these 
creatures has ever been captured. 

Rather unsatisfactorily, Loxton and Pro- 
thero fail to pin down the answer to this 
question. Instead, they end up detailing the 
damage pseudoscience can do, and suggest- 
ing how cryptid hunting could become a 
genuine science, contributing to “a world 
somewhat less ignorant and anti-scientific 
than the one in which we grew up”. On the 
basis of the information they present, how- 
ever, it seems probable that true believers 
in such tall tales will always be with us. Evi- 
dence — or the lack of it — is never enough 
to scupper a good story. At least Abominable 
Science! proves that proper examination of 
it can produce an equally compelling tale. 

Loxton admits that as a child, he believed 
in the things he now debunks. His passion 
eventually led him to question what he was 
told, and to co-author this book. Hopefully 
it will encourage others to take a similar 
journey. 


Daniel Cressey is a reporter for Nature. 
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Observatories at sunrise on Haleakala, Hawaii. 


Q&A Dane Maxwell . 
Mountain guardian 


Dane Maxwell is the specialist in Hawaiian traditional culture advising the US National Solar 
Observatory and its partners as they build the world’ largest solar observatory atop Haleakala 
on the island of Maui. He talks about the sacred mountain, known as the house of the Sun, and 
local responses to the Advanced Technology Solar Telescope (ATST). 


How did you 
become interested 
in native Hawaiian 
© cultural issues? 
I grew up with my 
grandfather, who 
was involved in 
by native Hawaiian 
- politics; my grand- 
mother was a hula teacher. I was sent to a 
native Hawaiian school. Everything I learned 
was around the Hawaiian culture, from hula 
to politics to prayers and other duties our 
ancestors used to have. My entire life was 
focused around what I do today. 


What does it mean to be a kahu, or spiritual 
leader, like yourself? 

Some people consider a kahu to be like a 
pastor, but the role is more like that of a 
Hawaiian shepherd. One thing I was trained 
in is our duty to human bones that have been 
dug up in construction projects. In Hawaiian 


culture, your spiritual energy is in your 
bones. That’s why reinterring bones is so 
important. The remains of the fire goddess 
Pele are said to be within Haleakala. The lava 
in that area is all her essence. 


What’s a typical day like for you, advising 
construction crews on the ATST? 

Having grown up with deep respect for the 
land, it is really hard to watch excavation 
happening. They are digging out a really 
large pit and pouring in a lot of concrete. 
My concern is that people should show basic 
respect and reverence to the area. A lot of my 
time is spent making sure that construction 
workers stay on site and don’t throw trash 
around. 

There are a lot of these old rusted vehi- 
cles leaking hydraulic fluid everywhere, and 
you ll see these large stains on this beautiful 
area. Keeping it as natural and pristine as 
possible goes hand in hand with culture and 
nature. I’m up there almost every day, from 
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sunrise to about three-thirty in the after- 
noon, sometimes until sunset. It’s beautiful. 
I get to see the mountain in sleet, snow, rain, 
wind and clear skies. 


Many Hawaiians object to the ATST being 
built. Why are you working on it? 

My grandfather and I opposed this project. 
But we really wanted to conserve as much 
as possible and do it in the right way. Oth- 
erwise it would be like turning our backs 
on our ancestors. It’s our responsibility to 
take care of the mountain and preserve what 
we can. 


Are cultural issues receiving more attention 
now than when the first telescopes were 
built on Haleakala in the 1950s and 60s? 
Things are definitely getting better. For this 
project, the first thing we started with was 
the removal of a historical site, the Reber 
Circle, where a radio telescope had been. 
That’s one of the highest points on the 
mountain, and in Hawaiian culture the 
highest points have the greatest significance. 
It was nice to remove that and clean up the 
mess. 


A lot of the complaints are about how big 
and visible the ATST will be. What do you 
think about this? 

It will be 14 storeys tall — really, really 
big. I tried to have them paint it another 
colour, but it had to be white because of its 
thermal properties. When the US Air Force 
built its telescope on Haleakala, it wanted 
to use materials to reflect the sky. But it 
reflected the Sun, and you can see it every- 
where now. 


What do you think astronomers ought to 
know about native Hawaiian concerns? 

We don't hate astronomy. It’s just that we 
want to manage the area better. We have an 
appreciation for science, and we want the 
scientists to have the same respect and rev- 
erence for the site. I always ask — if Hawaii 
was still its own independent state, would 
we have telescopes on Haleakala and Mauna 
Kea? 


What does it mean to have a solar telescope 
on ‘the house of the Sun’? 

There are two hills up there. One of the 
demigods, called Maui, supposedly stood 
with one foot on one hill and one foot on 
the other hill. He reached up and lassoed the 
Sun and slowed it down in its passage. So the 
Sun has a lot of significance for Haleakala. 
If there has to be a telescope there, I guess 
it should be a solar telescope. A few of the 
locals support it. A lot of the community 
just wishes it could be a little shorter, or in 
another place on Earth. = 


INTERVIEW BY ALEXANDRA WITZE 
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Chocolate habits of 
Nobel prizewinners 


There is a reported 

correlation between chocolate 
consumption by different 
nations and the number 

of Nobel laureates in their 
populations (E H. Messerli New 
Engl. J. Med. 1562-1564; 2012). 
So what are the chocolate habits 
of Nobel prizewinners? 

We surveyed 23 male 
winners of the Nobel prize in 
physics, chemistry, physiology 
or medicine, and economics. 
Ten (43%) reported eating 
chocolate more than twice a 
week, compared with only 25% 
of 237 well-educated age- and 
sex-matched controls (P= 0.05; 
see B.A. Golomb et al. Arch. 
Intern. Med. 172, 519-521; 
2012). Three proffered that 
their chocolate consumption 
had indeed contributed to their 
Nobel prize, but most disavowed. 
any link. Two attested that they 
had won the prize in spite of 
their chocolate habits (see also 
‘Nobel laureates on chocolate’ 
and go.nature.com/copuha). 

Some laureates might 
understate their chocolate 
consumption to amplify the 
impression that native prowess 
led to their prize, producing 
bias to the null. However, 


given favourable chocolate- 
mortality associations, 
chocolate aficionados might 
have survived to get their just 
desserts. 

Another caveat is that the 
laureates’ responses, like 
chocolate consumption itself, 
could be tongue in cheek. 
Beatrice A. Golomb* University 
of California, San Diego, 
California, USA. 
bgolomb@ucsd.edu 
*On behalf of 14 co-authors (see 
go.nature.com/b5rz8h for a full 
list). 


COCOA CONNECTION 


Nobel laureates on chocolate 


“Laureates are handed 
chocolate replicas of the 
medal in gold foil at the Nobel 
ceremony. This must mean 
that the Nobel Foundation 
thinks chocolate is important.” 


“My wife is a chocoholic but so 
far has not received the phone 
call.” 


“Chocolate made me who | am 
today.” 


“The correlation could 
stimulate even greater efforts 


to compete with the Swiss, 
French and Belgians.” 


“Your research is poised 
precisely in the vast space 
between balanced objectivity 
and total confusion.” 


“| eat a lot of wine gums 
and biltong in case you are 
considering snacking in 
general.” 


“lam upping my chocolate 
consumption to recapture my 
youthful 1Q.” 


Future food: politics 
plague seed banks 


Asa former head of the gene 
bank at the International Center 
for Tropical Agriculture (CIAT), 
I feel that Susan McCouch and 
others underestimate the political 
problems facing seed banks — 
particularly with respect to access 
to new samples (Nature 499, 
23-24; 2013). 

I disagree that the Convention 
on Biological Diversity “has 
created significant barriers to 
the sharing of genetic material”. 
Most of the banked seed samples 
that are shared internationally or 
used by plant breeders are beyond 
the control of the convention — 
including those from the institutes 
of the Consultative Group on 
International Agricultural 
Research (CGIAR) and the US 
Department of Agriculture. 

Neither does the International 
Treaty on Plant Genetic 
Resources for Food and 
Agriculture “now govern access 
to crop diversity”. The United 
States, Russia, China, South 
Africa and 61 other countries 
have not ratified the treaty. 

CGIAR holdings were included 
in the treaty on the understanding 
that they would remain freely 
available subject to a small 
tax (payable to the Food and 
Agriculture Organization of the 


United Nations for the treaty’s 
benefit-sharing fund) on patented 
varieties derived from supplied 
samples. 

The treaty also excludes some 
important crops, such as soya 
beans, groundnut, tomatoes, 
wild cassava, some wild wheat 
and maize (corn) varieties, sugar 
cane, oil palm and most fruits 
and nuts. 

In my view, the treaty needs 
to include many more countries 
and be much more effective at 
ensuring access to seed samples, 
ifit is to be a success. 

Dave Wood Fyvie, 
Aberdeenshire, UK. 
agrobiodiversity@btinternet.com 


Future food: use 
local knowledge 


Efforts to mine seed banks and 
secure future food supplies 
would benefit from participation 
by farmers, who could help to 
develop crop varieties suitable 
for their own land-management 
systems (Susan McCouch et al. 
Nature 499, 23-24; 2013). 

Farmers usually optimize 
land usage to supply year-round 
nutrition, to cater for cultural 
preferences and ecosystem 
services, to provide income, 
reduce labour and avoid 
economic risk. 

Integrating these practices 
could enhance the success of 
crop-breeding efforts. In this 
age of information sharing, 
even remote farmers could now 
become directly involved in 
and take advantage of a globally 
accessible infrastructure of 
biodiversity informatics that 
incorporates local knowledge. 

Such a biocultural 
informatics programme might 
add expense, but it would 
ultimately improve the cost- 
effectiveness of global food 
security and health. 
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OBITUARY 


Jerome Karle 


(1918-2013) 


Chemist who pioneered mathematical methods to solve crystal structures. 


von Laue discovered in 1912 that crys- 

tals diffract X-rays, the British physi- 
cist Lawrence Bragg realized that he could 
use the pattern of X-rays diffracted from a 
crystal to pinpoint the precise positions of 
its constituent atoms. Yet as increasingly 
complex materials began to be studied, ever 
more clever methods were needed to ‘solve’ 
the crystal structures. Jerome Karle, Jerry to 
those who knew him, established new ways 
to convert an observed diffraction pattern 
into a set of atomic positions. He did so in 
principle by deriving mathematical formu- 
lae together with Herbert Hauptman, and he 
did so in practice by inventing procedures 
for applying the formulae to real crystals 
together with his wife, Isabella Karle. 

The mathematical approaches that Karle 
and Hauptman established, known as direct 
methods, have helped researchers to eluci- 
date the structure of key molecules such as 
vitamins and hormones, and to gain insight 
into biochemical mechanisms. Karle and 
Hauptman shared the 1985 Nobel Prize in 
Chemistry for their work. 

Karle, who died on 6 June, was born in 
Brooklyn in New York city. A precocious 
product of New York public schools, he com- 
pleted high school at just 15 years old and 
went on to the City College of New York. He 
graduated in 1937 along with Hauptman and 
Arthur Kornberg, another of City College’s 
many Nobel laureates. He then went to Har- 
vard University in Cambridge, Massachusetts, 
where he gained a master’s degree in biology. 
After spending about a year at the New York 
State Health Department in Albany, Karle 
pursued further graduate studies, this time 
in chemistry at the University of Michigan 
in Ann Arbor. At Michigan, Karle studied 
the diffraction patterns resulting from firing 
electrons at gases. It was also here that he met 
Isabella Lugoski, a fellow graduate student, 
whom he married in 1942 and with whom he 
had three daughters. 

After completing his dissertation in 1943, 
Karle moved to the University of Chicago to 
work on the Manhattan Project. He returned 
to Michigan in 1944 to take on a research 
project for the US Navy, which involved 
studying the structure of hydrocarbon lubri- 
cants. In 1946, he and his wife moved to the 
US Naval Research Laboratory (NRL) in 
Washington DC, where they remained until 
their retirement in 2009. 

Initially, they continued to focus on 
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electron-diffraction experiments. In par- 
allel, Karle made a theoretical analysis 
predicting what diffraction patterns to 
expect from oriented hydrocarbons, and this 
got him wondering about applying his theo- 
ries to the analysis of crystal structures. It 
was around this point that Karle was joined 
by Hauptman. 

The problem they faced was that although 
X-rays diffracted from crystals carry infor- 
mation that can produce a picture of the 
atomic structure, only part of that informa- 
tion is accessible experimentally. Only the 
amplitudes of the electromagnetic waves 
bouncing off the atoms can be observed by 
photon detectors; the phase offset of each 
periodic wave relative to the others cannot 
be measured. Fortunately, for typical crystals 
there are many more X-ray reflections than 
there are atoms, which implies that the reflec- 
tions must be mathematically interrelated. 
Starting in 1950, Karle and Hauptman drew 
on fundamental knowledge about the nature 
of matter (specifically, that one cannot have 
negative electron density) to find mathemati- 
cal relationships among the diffracted waves. 
Soon after, they established a probability 
theory, which they brashly announced in 
1953 in an abstruse monograph entitled 
‘Solution of the Phase Problem. 

Early reception of the Karle-Hauptman 
work was at best muted. Quoting Karle 
himself, “during the early 1950s ... a large 
number of fellow-scientists did not believe 
a word we said.” The tide was turned by 
Isabella applying the work to challenging 
structures such as peptides. In 1966, she and 
Karle published a landmark paper in Acta 
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Crystallographica, which laid out step by step 
how to determine crystal structures. Others 
joined the venture with computer programs, 
and ever increasing numbers of ever more 
complex structures came to be determined 
through direct methods. 

By the time Karle and Hauptman received 
the Nobel prize, Karle had become prominent 
in crystallography circles, having served as 
President of the International Union of Crys- 
tallographers in the early 1980s. 

As I discovered during my postdoctoral 
time with Karle in the early 1970s, the power 
of the statistical methods underlying his and 
Hauptman’s approach is not unbounded (I 
tried with little success to apply his methods 
to protein crystals). Nevertheless, Karle’s 
influence extends to macromolecules. He 
was fascinated by resonance in diffraction 
(whereby certain atoms behave anomalously 
when the energy of incident X-rays matches 
the energy of an electronic orbital), and he 
made seminal contributions to the theory 
underlying an approach now called multi- 
wavelength anomalous diffraction (MAD). 
MAD and SAD, MAD's single-wavelength 
counterpart, are now commonly used to 
determine macromolecular structures, such 
as membrane proteins. Both require that the 
resonant atoms be located as a first step, and 
the Karle-Hauptman direct methods are now 
the approach of choice for finding them. 

Karle'’s interests were broad, as suggested 
by the name he gave his unit at the NRL — 
the Laboratory for the Structure of Matter. 
The work there ranged from electron diffrac- 
tion of gases to quantum chemistry of excited 
states, to the study of glasses and amorphous 
materials, and of course, crystals. Although 
these activities engaged several group mem- 
bers and were largely experimental, the Jerry 
I knew was a lone theoretician; he authored 
many papers alone and his main working 
interaction was with a computer program- 
mer who tested his theories. 

Ultimately, Karle’s major contribution 
was to allow researchers to shift their focus 
from the intricacies and challenges of crystal- 
lography to molecules and biochemical 
mechanisms. He turned chemical crystal- 
lographers into crystallographic chemists. m 
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How to catcha 
galactic wind 


Observations obtained by the Atacama Large Millimeter Array in Chile’s 
Atacama Desert have revealed properties of the cold molecular phase of the wind 
that is being blown out of a nearby starburst galaxy. SEE LETTER P.450 


MARK WESTMOQUETTE 


breaking interferometric observations 

of carbon monoxide emission from the 
nucleus and the central 2-kiloparsec region of 
a nearby starburst galaxy. The high sensitivity 
and resolution of these observations allowed 
the authors to detect faint molecular gas 
associated with a known superwind and to 
measure its mass-outflow rate for the first time. 

When galaxies interact or merge, large 
quantities of gas can sometimes be channelled 
inwards asa result of the galaxies’ gravitational 
forces. Under the right circumstances, this can 
trigger a massive burst of star formation in the 
heart of either or both galaxies, known as a 
starburst. The energy released, or fed back, by 
all these young stars in the form of radiation 
and winds (fast-moving gas particles blown 
off the stars) can have a marked effect on the 
remaining gas in the vicinity. 

A single, short-lived star-formation event in 
a galaxy has an effect similar to an explosion. 
The energy released by the new stars creates 
a shock wave that compresses the surround- 
ing gas into an expanding bubble. If the bub- 
ble inflates to a size comparable to that of the 
galaxy itself, then it is referred to as a super- 
bubble. However, if the starburst proceeds for 
an extended period, then the initial bubble 
inflates and bursts, and the ongoing injection 
of energy drives the gas into a continuous flow 
of material called a galactic wind or super- 
wind’. 

The exact mechanisms of how the stars 
accelerate and drive gas outwards are hotly 
debated topics**. Constraints on theoretical 
predictions can come only from observations, 
and, because galactic winds are composed of 


E this issue, Bolatto et al.' present ground- 
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materials of mostly very low density that range 
over about five orders of magnitude in temper- 
ature, meaningful observations are difficult to 
make. Until recently, most of our understand- 
ing of galactic winds has come from the warm 
(10,000 kelvin) ionized and cooler (5,000 K) 
neutral gas phases of the winds, because they 
emit or absorb light in the easily accessible 
optical part of the spectrum. However, these 
phases contain neither most of the energy, 
which is in the hot X-ray-emitting phase, 


CO emission —= 


Ho emission 


X-ray emission 


nor most of the mass, which is in the cold 
molecular phase. 

It is only in the past few years that we have 
had the capability to detect emissions from 
the mass-laden molecular phase of outflows 
in nearby galaxies. This is because of increases 
in sensitivity made possible by updated tech- 
nology on telescopes such as the Very Large 
Array in New Mexico and the IRAM Plateau 
de Bure interferometer in France, and with the 
advent of Europe’s Herschel Space Observa- 
tory and now the Atacama Large Millimeter 
Array (ALMA) in Chile. One of the surprising 
results of these studies is that massive molecu- 
lar winds are much more common than pre- 
viously thought. However, many unanswered 
questions remain, meaning that it will be 
essential to make detailed investigations of the 
nearest examples of these winds. 

In their paper (page 450), Bolatto and 
colleagues’ report on observations, made 
with ALMA during its first year of opera- 
tions, of one of the nearest starburst galax- 
ies with a well-known superwind, NGC 253. 
This allowed them to image the cold carbon 
monoxide (CO) gas emission in NGC 253 at 
an incredible resolution of 50 parsecs. The 
unprecedented sensitivity of the research- 
ers’ observations revealed a number of very 
faint CO emission streamers out to heights of 
120-320 parsecs for the first time. The mor- 
phology of these filaments closely matches 
that of the known ionized gas wind, providing 
clear evidence that the outflow also contains a 
substantial molecular component. 

The authors also found that these prominent 
molecular-gas features seem to be connected 
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Figure 1 | The structure of the NGC 253 superwind. The wind being blown out of NGC 253 by the central 
starburst is thought to be approximately conical in structure with a temperature-stratified nature. The centre 
is filled with fast-moving and hot (a temperature of about 10° K) X-ray-emitting gas, and is surrounded 

by layers of cooler (10,000 K) Ha-emitting gas and cold (100 K) molecular CO-emitting gas. Bolatto and 
colleagues’ results’ clearly show this cold CO layer at the edges of the warmer phases. The hot phase is also 
thought to contain clouds of cold material swept up by the wind’. 
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to the previously detected* expanding 
molecular shells located on either side of the 
starburst region, thus providing an additional 
link between the starburst and the wind. The 
idea, built up from previous studies of winds, 
is that the hot wind fluid (temperatures greater 
than about 10° K), driven by the cumulative 
power ofall the newly formed stars, interacts 
with the gas in the galaxy’s disk and halo as it 
flows outwards. It is in the progressively cooler 
gas layers surrounding and embedded in the 
hot wind that the optical hydrogen-a (Ha) 
emission (tracing the warm ionized gas at tem- 
peratures of about 10,000 K) and the molecular 
CO emission (tracing cold gas at temperatures 
of roughly 100 K) originates (Fig. 1). 

The sensitivity of the authors’ observations 
also allowed them to make direct measure- 
ments of the molecular-outflow speed and 
outflow rate. They found that the total mass- 
outflow rate is more than three times the 
measured star-formation rate. A considerable 
uncertainty exists in this measurement owing 
to the difficulties in converting from the meas- 
ured outflowing CO mass to the predicted total 
outflowing mass, and in applying the correct 
geometric corrections (for example, for inclina- 
tion), but it seems certain that the outflow rate 
is greater than the star-formation rate. 

These results highlight several unanswered 
questions. The first relates to the depletion rate 
of gas and the starburst lifetime: if it is blow- 
ing out large amounts of gas, how long can 
the starburst continue given that it is remov- 
ing the fuel for future star formation (that is, 
quenching itself)? Second, how is the energy 
required to eject this much material generated? 
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The mass-outflow rate sets constraints on the 
physical mechanisms needed to expel this 
material and thus forms important inputs for 
new theoretical models. Finally, how much of 
this ejected material is re-accreted later? One 
of the biggest unknowns with regard to star- 
burst outflows is whether any of the ejected 
gas actually escapes the galaxy altogether. If it 
is not driven out far enough it may linger in 
the halo of the galaxy, cool, and rain back at 
a later time, potentially giving rise to a future 
starburst event, as might be happening in the 
starburst galaxy M82. 

Although the molecular CO gas in the 
nuclear regions of NGC 253 has been imaged 
before’, the study by Bolatto et al. represents a 
major step forward in sensitivity and resolu- 
tion, and provides new results on the wind’s 
properties. It also showcases the revolution- 
ary capabilities of ALMA in only its first year, 
operating with just 16 out of an eventual 66 
antennas. m 
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Meet the B family 


The first crystal structures of class B G-protein-coupled receptors have been 
solved. They reveal features that might inform drug-development strategies for 
diseases ranging from osteoporosis to diabetes. SEE ARTICLES P.438 & p.444 


PATRICK M. SEXTON & DENISE WOOTTEN 


-protein-coupled receptors (GPCRs) 

are the largest group of cell-surface 

receptors and are major targets for 
drug development’. These proteins are char- 
acterized by a common architecture of seven 
transmembrane-spanning helical domains, 
and can be subdivided into three main groups: 
classes A, B and C. High-resolution struc- 
tures of the membrane-spanning domain of 
GPCRs — the conduit for transmission of 
extracellular signals to the inside of a cell — 
provide snapshots that indicate how activating 


*This article and the papers under discussion** were 
published online on 17 July. 


and inactivating ligands modify the receptor 
structure. Until now, however, such studies 
have been principally restricted to class A 
receptors. In this issue, Hollenstein et al.’ 
(page 438) and Siu et al.* page 444) present the 
structures of the transmembrane domains of 
two class B members: corticotrophin-releasing 
factor-1 receptor and the glucagon receptor, 
respectively.* 

Class B GPCRs include receptors for sev- 
eral peptide hormones, which are involved 
in a host of physiological functions from 
bone maintenance and glucose regulation to 
immune function and pain transmission. As 
a result, these receptors are targets for existing 
drugs that treat several disorders, including 


25 JULY 2013 | VOL 499 | NATURE | 417 
© 2013 Macmillan Publishers Limited. All rights reserved 


| RESEARCH | NEWS & VIEWS 


Figure 1 | Structural features of class BGPCRs. Hollenstein et al.’ and Siu et al.’ present the crystal 
structures of two class B G-protein-coupled receptors: CRF,R (orange ribbons) and GCGR (blue 
ribbons), respectively. a, The structures reveal the locations of conserved amino-acid residues that form 
similar interactions in the two receptors, including between the transmembrane helices TM2, TM3 

and TM4 (cyan), TM2 and TM3 (purple), TM1, TM2 and TM7 (beige), and TM2 and TM6 with the 
intracellular helix 8 (blue). b, The view of the proteins from outside the cell highlights the differences 
between the two structures at their extracellular faces, particularly in TM6 and TM7. 


osteoporosis and type 2 diabetes, and are being 
actively pursued as targets for treating many 
more, from obesity and migraine to depression 
and chronic obstructive pulmonary disease. 

Hollenstein and colleagues present a 
3.0-angstrém-resolution structure of the corti- 
cotrophin-releasing factor-1 receptor (CRF,R) 
in complex with a small-molecule inhibitor. 
They arrived at this structure by introduc- 
ing 12 thermostabilizing mutations into this 
GPCR and inserting the protein T4 lysozyme 
into its second intracellular loop. Siu and 
co-workers produced their 3.4-A-resolution 
structure of the glucagon receptor (GCGR) 
using a version of the protein that was largely 
unmodified, except that its amino-terminal 
domain had been replaced with a thermally 
stabilized protein. The native N-terminal 
domain of class B GPCRs is crucial for peptide 
binding, but both teams removed this region to 
aid crystallization of the proteins. 

As predicted, the core of both structures 
features seven transmembrane helices (TM1- 
TM7). However, although the relative posi- 
tions of these helices at the intracellular face 
of the proteins overlap with those in class A 
GPCRs, there is substantial deviation between 
the two classes at the extracellular face. In both 
class B proteins, there are differences in the 
positioning of TM6 and TM7 that result in 
TM6 being shifted away from TM5, with TM1 
seeming to move in parallel with TM7. This 
results in a wider and deeper extracellular cav- 
ity in the receptor core of the class B proteins 
that presumably forms part of the peptide- 
binding site. In addition, there are differences 
between the CRF,R and GCGR structures 
themselves, in the upper segments of TM6 and 
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TM7 (Fig. 1). Although it is unclear whether 
these differences were influenced by the crys- 
tallization process, they indicate that the solu- 
tion of transmembrane-core structures for 
other class B receptors will be required to help 
us understand how ligands bind and activate 
these proteins. 

A major obstacle for the therapeutic tar- 
geting of class B receptors has been their 
notorious intractability for the identifica- 
tion of small-molecule ligands, in particular, 
small-molecule activators. The new structures 
shed light on why this is so: the openness of 
the receptors’ binding pocket makes it diffi- 
cult for a small ligand to engage sufficient key 
amino-acid residues to initiate activation of the 
receptor. Nonetheless, the solved structures 
show distinct subpockets that could represent 
sites for structure-based drug design. 

Intriguingly, Hollenstein and colleagues’ 
structure shows that the small-molecule inhib- 
itor binds to a very deep pocket in the intra- 
cellular half of the CRF,R core. This ligand 
forms extensive contacts with residues in TM3, 
TM5 and TM6, and presumably inhibits recep- 
tor activation by tethering the cytoplasmic half 
of TM6 to TM3 and TM5, thereby restricting 
conformational rearrangement of the intra- 
cellular face. This represents a new target for 
the design of small-molecule ligands. How- 
ever, the amino-acid side chains in the equiva- 
lent region in the GCGR structure are more 
compact and would require reorganization to 
allow similarly sized ligands to bind. 

The evolutionarily conserved amino-acid 
motifs in class A receptors have an important 
role in maintaining the receptors in an inac- 
tive (or weakly active) state. Although the 
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intracellular face of the class B receptors is 
similar to that seen for class A proteins (with 
the exception of an inward shift of TM7), some 
of the interactions that maintain the inactive 
class A conformations (including the ionic 
lock that tethers the cytoplasmic half of TM3 
to TM6, the CWXP motif in TM6 and the 
NPXXY motif in TM7) are not present in the 
two class B receptors studied. 

Class B receptors also have a distinct pattern 
of conserved amino-acid motifs that are impor- 
tant for maintenance of the inactive conforma- 
tion and/or for conformational transitions 
required for activation. The CRF,Rand GCGR 
structures suggest conserved interactions 
between some of these key residues (Fig. 1). In 
addition, similar regions of contact are present 
between TM1 and TM2, TM1 and TM7, TM3 
and TM4, and TM3 and TM6in structures of 
both class A and B, although these interactions 
are mediated by different patterns of residues in 
each class. Thus, the new structures suggest that 
the two classes of proteins use distinct mecha- 
nisms for conformational control. 

Although these reports represent a tremen- 
dous breakthrough in GPCR biology, as with 
all crystal structures, the intramembranous 
class B structures provide only a snapshot 
of the receptors, which in reality are known 
(from cysteine-trapping studies”) to be highly 
dynamic proteins. Important questions remain 
about the final orientations of the N-terminal 
domains and transmembrane helices of the 
receptors, and about how natural activator 
molecules engage with both domains to acti- 
vate the receptors. Answering these questions 
will require both crystallization of an intact 
ligand-receptor-G-protein complex and 
studies of receptor dynamics. = 
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CORRECTION 

In the News & Views article ‘Cloaking 

of heat’ by Ulf Leonhardt (Nature 498, 
440-441; 2013), it was stated that “Einstein 
received his Nobel prize for his theory 

of diffusion, not for relativity.” In fact, he 
received the prize “for his services to 
Theoretical Physics, and especially for his 
discovery of the law of the photoelectric 
effect”. 
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CANCER SHOWS STRENGTH 
THROUGH DIVERSITY 


Tumours are made up of disparate cell populations that often resist treatment — but 
understanding this heterogeneity could provide ways to improve chemotherapy. 


a 


“a 


Tiny channels in microfluidics chips such as this one from Fluidigm can isolate individual cancer cells for study. 


BY CAITLIN SMITH 


( = come in all shapes and sizes — 
boxy epithelial cells, discoid red blood 
cells, delicate, threadlike neurons and 

the behemoth human egg that is just visible 

to the naked eye. Even among cells of the 
same basic type, no two are identical. And 
the same is true of cells within a cancerous 
tumour, where differences in size and shape 
can have profound implications for the pro- 
gression of a patient’s disease. As a result, 
researchers are keen to get to grips with cell 
heterogeneity. Developing the tools and 
techniques to rationalize this cellular chaos 
has been a slow process, but the latest meth- 
ods for imaging, modelling and sorting cells 


are at last coaxing them to relinquish their 
secrets. 

For cancer, this may help to explain why 
a tumour that has been shrunk by chemo- 
therapy suddenly kicks back into life and 
starts growing again. The plasticity of indi- 
vidual tumour cells lets them modify their 
behaviour in response to external cues, says 
Nicholas Saunders, a cancer biologist at the 
University of Queensland in Brisbane, Aus- 
tralia. One such cue is chemotherapy, and 
although the heterogeneity of tumour cells 
makes it harder to predict how each will 
respond to treatment, “we now have tools that 
allow us to interrogate this issue in a relatively 
definitive way,” he says. Recent techniques 
for sequencing the DNA of single cells from 
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tumours, for instance, has fired up this area as 
scientists explore ways to use the technology, 
says Saunders. 


SINGLE LIFE 
To investigate how cancer cells survive chemo- 
therapy, researchers are moving into the 
challenging realm of single-cell analysis. At 
this small scale, it becomes hard to separate 
true variations between cells from technical 
errors in measurement, says Nicholas Navin, 
a molecular geneticist from the University 
of Texas MD Anderson Cancer Center in 
Houston. When differences between cells are 
detected, scientists can question whether the 
observed variations are important. 
Researchers are particularly interestedin > 
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UNIV. TEXAS MD ANDERSON CANCER CENTER 


> the individual cells shed by tumours into 
a patient’s bloodstream. Carried around the 
body, these ‘metastatic’ cells can initiate fresh 
tumours, allowing the disease to progress. 
But capturing these roaming cells for study is 
tricky, because they are mixed in with multiple 
cell types in the bloodstream. 

One system Navin is using to isolate single 
tumour cells from blood is DEPArray, an 
instrument made by Silicon Biosystems of 
Bologna, Italy. This can isolate, move and image 
one tumour cell from a mixture of 100,000 cells. 

Metastatic cells in the blood sample are 
first tagged with a chemical marker that 
emits light under a fluorescence microscope. 
In the DEPArray system, the individual can- 
cer cells are then imprisoned in ‘cages’ created 
using an electric field. Viewed on a monitor, 
these cages can be manipulated to move a 
single cell into a collection vessel, ready for 
further study. The 


lack of physical con- “We think of 
tacthelpsthecellsto these cells as 
stay alive duringthe extreme shape- 
manipulation. shifters that can 


Nevertheless, sort- 
ing takes time, says 
Navin. Initially, the DEPArray system took 
around an hour to isolate one tumour cell, but 
improvements to the technology and software 
mean that it can now move multiple tumour 
cells simultaneously from the mixture to the 
collection vessel. “The current system can route 
13 cells in about 4 hours,’ says Navin. 

Navin is also working with a system made 
by Fluidigm in South San Francisco, Califor- 
nia. This captures 96 cells in one run, says Ken 
Livak, a researcher at the company. However, 
unlike DEPArray, it does not image cells to 
help with visual sorting, so it is best for isolat- 
ing previously sorted cells, he says. 

Fluidigm’s system features a device about 


do anything.” 


the size of a postage stamp that contains tiny 
channels, valves and chambers. Minute amounts 
of fluid, along with cells, are driven through 
channels across the chip by opening and clos- 
ing the valves. The channels contain a series of 
alcove-like capture sites. An unoccupied site will 
trap and hold an individual cell, but if the site is 
already occupied, the cells bypass it and move to 
the next one, until all 96 sites hold cells. 


SHAPE-SHIFTERS 

Chris Bakal, a cancer biologist at the Institute 
of Cancer Research in London, is hunting for 
patterns in the diversity of cancer-cell shapes. 
He and his team study metastatic melanoma 
cells, which are notorious for making drastic 
changes to their shape so that they can infil- 
trate far-flung reaches of the body. 

The team’s work centres on analysing images 
derived from spinning-disk confocal micros- 
copy. In this technique, a laser illuminates 
the cells, and the microscope scans the light 
bouncing off them at many points simultane- 
ously, gathered through pinholes in a spinning 
disk. The method is more sensitive than con- 
ventional confocal microscopy, which detects 
only one point of light at a time. 

Bakal and his group have seen the diverse 
shapes of some cancer cells’, and are now using 
statistical and computational analysis to try to 
identify which shapes are important. 

“We think of these cells as extreme shape- 
shifters that can do anything,’ says Bakal. But 
generating and maintaining more diversity in 
cell shape than is needed may simply squan- 
der energy and drain the population of the cell 
shapes that are most useful, he says. Bakal and 
his team have found that, in fact, metastatic 
melanoma cells generally assume one of two 
shapes: rounded or spindle-shaped, each with 
its own advantages. “If you're a metastatic cell, 
you want those two shapes because a rounded 


Marco Leung and Nicholas Navin (right) study genetic differences in cancer cells to gauge tumour activity. 
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shape migrates through soft tissues like the 
brain or the circulatory system,” he says, 
“whereas the spindle shape is good for bone 
and hard tissues.” 

Bakal thinks that looking at various aspects 
of heterogeneity in single cells will prove use- 
ful. “You might see genetic heterogeneity in 
this experiment, and you might see shape 
heterogeneity in another experiment’, he 
says, but notes that it may not always be clear 
whether the two observations are connected. 
To determine if there is a link, he plans to 
sequence the DNA from individual cells after 
imaging them to see if he can find mutations 
that correlate with one shape or the other. 


ORDER OUT OF CHAOS 

Despite their heterogeneity, tumours cannot be 
totally chaotic, says Garry Nolan, a cell-signal- 
ling researcher at Stanford University in Califor- 
nia. He thinks that there must be organization 
somewhere within the diversity, so his approach 
to studying individual cells focuses on differ- 
ences in the patterns of the myriad proteins that 
cells express. He believes that the complement of 
proteins alters as a normal cell becomes cancer- 
ous. As a result, the different protein comple- 
ments seen in a sample of cancer cells could be 
related to the past history of those cells. 

So far, Nolan’s group has tracked more than 
100 proteins simultaneously in individual cells, 
using a technique called mass cytometry. This 
is similar to flow cytometry, which separates 
cells according to fluorescently labelled pro- 
teins of interest. However, Nolan and his team 
wanted to look at many more proteins than is 
possible with flow cytometry, which is limited 
to the analysis of only a handful of proteins by 
the number of fluorescent tags that can be used. 
To solve this problem, the researchers developed 
mass cytometry so that they could identify tens 
or hundreds of proteins at the same time’. 

In mass cytometry, instead of proteins of 
interest being labelled with fluorescent mark- 
ers, they are tagged with small metal particles 
that differ in mass. Once tagged, each cell 
is ionized and sent to a mass spectrometer, 
which separates the metal-tagged labels by 
mass. Unlike the fluorescent signals of flow 
cytometry, the mass measurements are rela- 
tively easy to distinguish from one another. 
Another benefit of this method is that it can 
measure proteins within the cell, because the 
cellis essentially vaporized during the process. 

Nolan and his team are now developing 
their mass-cytometry technique to measure 
hundreds of proteins per cell, enabling them to 
piece together the puzzle of how cells become 
cancerous. The team has discovered a group of 
heterogeneous cancer cells that each have “their 
own little time-stamp signature on them’, Nolan 
says. The varying complement of proteins on 
each cell indicates how far it has passed along 
the path to becoming cancerous, he adds. 

By arranging the cancer cells according to 
these time-stamp proteins, the researchers 
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created a timeline for a cell’s physiology. Nolan 
believes that what seems to be a heterogeneous 
group of cancer cells is actually a snapshot of 
cells that represent different stages on a path- 
way leading to fully fledged cancer cells’. 
Viewed one by one, the mix may look wildly 
variable. But when viewed as a time-stamped 
group, “there is order there, waiting to be 
understood’, Nolan says. 


PERSONAL SPACE 

As well as presenting deviant shapes, cancer 
cells have a tendency to disregard the normal 
rules that other cells use for spacing themselves 
in three dimensions. “Basically they dont sit in 
these nice structures within the tissue like most 
cell types do,” says Navin of breast-cancer cells. 
“They don't respect their neighbours.” 

The three-dimensional position of can- 
cer cells within the tissue, as well as the areas 
immediately surrounding them, influence 
tumour formation and growth. Research- 
ers hope that studying cellular heterogeneity 
in three dimensions — which more closely 
resembles real tissues — will deliver insights 
that could help to fight cancer. 

Lucas Pelkmans, a researcher at the Institute 
of Molecular Life Sciences at the University of 
Zurich in Switzerland, studies how cells are 
affected by their surroundings. He and his team 
use automated, high-resolution imaging of mil- 
lions of cells to monitor hundreds of param- 
eters, including a cell’s shape, distance from 
neighbouring cells and position within a tissue. 

Pelkmans and his team then correlate these 
parameters with other measures of cellular 
activity, such as the molecular composition of 
cell membranes and the abundance of messen- 
ger RNA (mRNA) molecules, which are tran- 
scribed from DNA to serve as templates for the 
production of proteins in cells. 

The team developed a technique that 
attaches fluorescent labels to single mRNA 
molecules of interest within individual cells, 
and then massively amplifies the fluorescent 
signal. “With that, you get a bright spot inside 
single cells,” says Pelkmans. “By counting the 


Garry Nolan uses mass cytometry to track proteins 
that reveal a timeline of cancer-cell physiology. 
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Using high-throughput fluorescence imaging of cells, a team at the University of Zurich is studying 
messenger RNA levels to understand the importance of a cell’s spatial positioning within tissues. 


number of spots, you basically get a read-out 
of the number of mRNAs in one cell.” This can 
reveal whether a particular cell has different 
levels of gene expression compared to another; 
ifit does, this might suggest that the two cells 
will go on to have different roles. 

The varying types of correlation between 
the measured parameters create a tell-tale cell 
signature. “These signatures clearly can be dif- 
ferent for different genes, but there are strong 
signatures,’ says Pelkmans. The signatures indi- 
cate a kind of tumour geography and hint at the 
functional role of a cancer cell at a given posi- 
tion. Cells can grow together as a community, 
but those on the periphery can show different 
signatures to those in the interior. Interpret- 
ing these signatures can help researchers to 
understand how signals exchanged between 
cells influence tumour growth. 

The movement of cells within tumours has 
piqued the interest of Kornelia Polyak at the 
Dana-Farber Cancer Institute and Harvard 
Medical School in Boston, Massachusetts. She 
is studying the spatial changes that occur dur- 
ing cancer treatments. Using measurements 
from real tumour cells obtained from cancer 
patients, she and her team have built a com- 
puter model that simulates tumour growth. 

The model allows researchers to take virtual 
samples of the simulated tumour at different 
times and places, Polyak says. They can even 
subject the simulated tumour to a course of 
cancer treatment. Although it is not yet ready 
for clinical use, Polyak hopes that the model 
will ultimately act as a surrogate patient, allow- 
ing clinicians to try out different simulated 
therapies and assess predicted outcomes before 
they treat patients. 

“We could actually use this for designing 
the best treatment strategy,’ she says. “But the 
treatment itself changes the tumour, so you 
have to know how the tumour changes.” Mod- 
els might help physicians to get one step ahead 
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of the tumour, Polyak suggests, allowing them 
to anticipate the survival ofa small population 
of drug-resistant cells and so quickly fight back 
against cancer recurrence’, 

Key to the issue of resistance is knowing how 
many tumour cells already have the genetic 
mutations that make them resistant to drugs, 
and to what extent chemotherapy itself induces 
such mutations. Studying individual cells may 
provide the answer. “The more genetically 
diverse a tumour is, the more likely it is to 
be resistant to certain therapies, so that’s one 
potentially useful parameter that you could get 
for patients,’ says Navin. 

Understanding the degree of heterogeneity 
within a tumour is important in assessing 
the severity of the cancer. Individuals with 
diverse tumours might be more likely to 
harbour metastatic cells or be more resistant 
to therapy, compared with patients whose 
tumours are more homogeneous, says Navin. 
“If we can measure the extent of heterogeneity 
of a tumour-cell population, then we may be 
able to use this index to predict which patients 
will have invasive or metastatic tumours, and 
which will respond to chemotherapy or show 
poor survival,” he says. 

Cell heterogeneity gives normal cells the 
power to react to the environment, but it also 
underlies the ability of some tumour cells to 
emerge unscathed from even the strongest 
chemotherapy. If researchers can uncover 
how cancer cells adapt to cancer treatments, 
cell heterogeneity might ultimately be turned 
to the patients’ advantage. m 


Caitlin Smith is a freelance writer in 
Portland, Oregon. 
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SURRENDERED HUMAN 


BY DEBORAH WALKER 


bursts in (without knocking) and shouts 

out: “Guess what, Emma. There’s a 
rumour that Mo-Sal will appear at the con- 
firmation ceremony tomorrow.’ 

“You've got to be kidding me.’ Mo-Sal: the 
commander of this colony. I begin to tremble. 

“Just imagine,” says Andrew, “breathing in 
his actual scent.” 

“Itd be overwhelming,’ I say. The syn- 
thetic amines that swirl around this lunar 
centre, the scent of ginger musk is so pow- 
erful. I shudder, as I imagine breathing in the 
real thing. “I don’t know what to say.” 

“I know.’ Andrew flops onto my bed and 
stretches his arms above his head. His T-shirt 
rises up, exposing a swathe of taut stomach 
etched with a line of coarse blonde hairs. A 
small part of me acknowledges this, but most 
of me is thinking about Mo-Sal. 


I ’m meditating in my room when Andrew 


A thousand of us dressed in red, the colour 
of surrender. Today, we confirm our alle- 
giance. Today, we will be assigned our roles. 
Tomorrow, we will be shipped out to a place 
in the Arium Domain. 

The air is electric. All thoughts turned to 
Mo-Sal. 

“Do you think he'll come?” asks Andrew. 
Andrew had been the comm officer on my 
ship. In another life wed been close, and 
something of that still remained. 

“I respect his decision,’ I say. Actually, I 
am willing him to come. To see him. To actu- 
ally breathe in his scent. How wonderful that 
would be. I guess we're all thinking that, or 
most of us, at least. Humans are a poor species, 
driven by personal desires. I feel ashamed. 

“Tt’s all right, Em, says Andrew. “I under- 
stand” 

I smiled. He was good to me. We were 
good together, once. 

On the stage, the drums begin to beat. 
And we, we thousand surrendered suppli- 
cants, chant the words. I’ve been longing for 
this moment for six months, ever since my 
ship was captured. To think that I'd actually 
initiated the destruction sequence. It seems 
impossible that I'd been so resistant. We 
shouted the joyous words: 

“We will surrender control to the Arium. 

“We will accept our 
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The path to redemption. 


Ee 


Grateful. The quality of gratitude fills me, 
lifts me beyond my lower self. I am so grateful. 

I walk up to the podium, when my name 
is called. 

“Emma Catell, former captain of the Earth 
ship, The Entangled Hope:’ 

I wince at the reminder of my previous 
life. To think I had been so arrogant as to 
seek to control the Arium. But there is no 
shame here. I know that because as I am 
holding out my hand to receive my assign- 
ment, something wondrous happens. A 
portal opens, a rip in space. Mo-Sal steps 
through the anomaly and onto the platform. 
His overwhelming scent. I sway on my feet. 
I see others falling to the floor. Mo-Sal is so 
powerful, but I have always had a quality of 
will, and I remain on my feet. I take no pride 
in that, it is a fault that led me to my previous 
actions, but all is forgotten here. 

Mo-Sal lays his claw on my shoulder. I feel 
a wave of peace. I know that this is the defin- 
ing moment of my life. 

“You are Emma Catell”” His dry-rasping 
words are resonant, portentous. He is all 
things. “You are the Earth captain respon- 
sible for one hundred and thirty-five Arium 
deaths” 

Ihang my head in shame. 

“You are surrendered?” 
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“Tam, Mo-Sal.” 

“You have done well.” 

“Thank you,’ I whisper, remembering to 
receive a compliment graciously, but it is so 
difficult. I want to prostrate myself. Iam an 
embarrassment. 

“You will work on the surrendered Earth 
with the delinquents.” Another reason for 
shame — some human have atrophied 
vomeronasal organs. They are unable to 
experience the chemical communion of the 
Arium. They are resisting the natural order 
of things. 

“Thank you, Mo-Sal” This task is not what 
Ihoped for. I would have liked to have served 
in the Arium Navy, bringing enlightenment 
to other worlds, but I gladly relinquish my 
personal desires and trust in Mo-Sal. 

As Mo-Sal moves, a plume of his scent 
assaults me. I moan. 

He touches me delicately on the chin. “Do 
not be ashamed, Emma Catell. You must 
embrace this.” How kind he is. How much 
he understands. 

I walk back to my place in the crowd. 
I glance at Andrew but his eyes and his 
thoughts are fixated on Mo-Sal, as mine 
should be. 

As the ceremony proceeds, I think about 
Mo-Sal’s words. I believe that he has given 
me a task. Species surrendered to the Arium 
often wither within a few generations. The 
desire for reproduction is subsumed in the 
love of the Arium. This is wrong. I want 
humans to serve the Domain for genera- 
tions, stretching into the future. I will take the 
human approach in my new life. This is the 
task Mo-Sal has given me. I glance at Andrew. 

The ceremony continues, until we're all 
assigned. Yet even in this moment of peace 
and wonder, there is a worm in my mind, an 
unwelcome remnant of my past self. 

This is all biochemical, says the worm, 
whispering its vile thoughts. This is control. 
Mere biological control. 

Iama great sinner, yet I’m filled with grat- 
itude. This resistance inside of me isa gift. It 
means that I'll struggle for redemption. My 
subservience will be real and meaningful. 

I whisper a prayer to the Arium for the 
opportunity to struggle in their honour. I 
breathe in the heady scent of Mo-Sal’s musk. m 


Deborah Walker grew up in the most 
English town in the country, but she soon 
high-tailed it down to London where she 
now lives with her partner, Chris, and her 
two young children. 
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Most great ape genetic variation remains uncharacterized’; however, 
its study is critical for understanding population history**, recom- 
bination’, selection® and susceptibility to disease”"®. Here we sequence 
to high coverage a total of 79 wild- and captive-born individuals 
representing all six great ape species and seven subspecies and report 
88.8 million single nucleotide polymorphisms. Our analysis pro- 
vides support for genetically distinct populations within each spe- 
cies, signals of gene flow, and the split of common chimpanzees 
into two distinct groups: Nigeria-Cameroon/western and central/ 
eastern populations. We find extensive inbreeding in almost all wild 
populations, with eastern gorillas being the most extreme. Inferred 
effective population sizes have varied radically over time in different 
lineages and this appears to have a profound effect on the genetic 
diversity at, or close to, genes in almost all species. We discover and 
assign 1,982 loss-of-function variants throughout the human and 
great ape lineages, determining that the rate of gene loss has not 
been different in the human branch compared to other internal 
branches in the great ape phylogeny. This comprehensive catalogue 
of great ape genome diversity provides a framework for understand- 
ing evolution and a resource for more effective management of wild 
and captive great ape populations. 

We sequenced great ape genomes to a mean of 25-fold coverage per 
individual (Table 1, Supplementary Information and Supplementary 
Table 1) sampling natural diversity by selecting captive individuals of 
known wild-born origin as well as individuals from protected areas in 
Africa (Fig. la). We also included nine human genomes—three 
African and six non-African individuals" . Variants were called using 
the software package GATK (ref. 12) (Methods), applying several quality 


filters, including conservative allele balance filters, and requiring that 
genomes showed <2% contamination between samples (Methods and 
Supplementary Information). In order to assess the quality of single 
nucleotide variant (SNV) calls, we performed three sets of independent 
validation experiments with concordance rates ranging from 86% to 
99% depending on allele frequency, the great ape population analysed 
and the species reference genome used (Supplementary Information and 
Supplementary Table 2). In total, we discovered 84.0 million fixed sub- 
stitutions and 88.8 million segregating sites of high quality (Table 1 and 
Supplementary Table 3), providing the most comprehensive catalogue 
of great ape genetic diversity to date. From these variants we also con- 
structed a list of potentially ancestry-informative markers (AIMs) for 
each of the surveyed populations, although a larger sampling of some 
subspecies is still required (Supplementary Information). 

We initially explored the genetic relationships between individuals 
by constructing neighbour-joining phylogenetic trees from both auto- 
somal and mitochondrial genomes (Supplementary Information). The 
autosomal tree identified separate monophyletic groupings for each 
species or subspecies designation (Supplementary Fig. 8.5.1) and sup- 
ports a split of extant chimpanzees into two groups. Nigeria~-Cameroon 
and western chimpanzees form a monophyletic clade (>97% of all 
autosomal trees); central and eastern chimpanzees form a second group 
(72% of all autosomal trees). 

Genome-wide patterns of heterozygosity (Fig. 1b) reveal a threefold 
range in single nucleotide polymorphism (SNP) diversity. Non-African 
humans, eastern lowland gorillas, bonobos and western chimpanzees 
show the lowest genetic diversity (~0.8 X 10 * heterozygotes per base 
pair (bp)). In contrast, central chimpanzees, western lowland gorillas 
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Table 1 | Genetic variation summary by species and subspecies 


Genus Scientific name species/ Common name N Mean 
subspecies coverage 

Homo — Homo sapiens on-African 6 183 

African 3 209 

Humans 9 19.2 

Pan Pan troglodytes ellioti igeria-Cameroon 10 16.7 

Pan troglodytes schweinfurthii Eastern 6 287 

Pan troglodytes troglodytes Central 4 238 

Pan troglodytes verus Western|| 4 273 

Pan troglodytes Common Chimpanzees 24 22.5 

Pan Pan paniscus Bonobos 13 27.5 

Gorilla Gorilla beringei graueri Eastern lowland 3 228 

Gorilla gorilla diehli Cross river 1 176 

Gorilla gorilla gorilla Western lowland! 23 178 

Gorillas 27 18.3 

Pongo Pongo abellii Sumatran 5 28.7 

Pongo pygmaeus Bornean 5 258 

Orangutans 10 27.3 

All 83 23.0 


Fixed sites No. of SNVs* Mean No. of Ancestry Ne (1073)8 
to human SNVs per singletonst informative 
reference individual* markers 

(AIMs)¢ 
386,974 5,887,443 2,639,546 1,379448 12,316 9.7-19.5 
632,253 6,309,453 3,203,178 2448454 12316 3.9-27.9 
224,660 9,172,573 3,061,604 3,827,902 NA 13.1-16.2 
25,017,403 12,605,585 4,816,435 2,695,109 2,213 8.5-37.0 
25,126,506 11,264,879 4,843,530 2,228396 1,265 9.7- 39.5 
25,080,750 11,820,858 4,983,933 3,948,347 619 24.4-48.7 
26,832,247 4,729,933 2,411,501 1,481,079 145,548 9.8-19.5 
24,087,088 27,153,659 5,693,903 10,352,931 149,645 30.9-61.8 
27,068,299 8,950,002 2,738,755 3,159,889 NA 1.9-23.8 
34,537,496 3,866,117 2,578,328 484,482 317,028 2.2-24.3 
35,553,861 2,585,360 2,585,360 165,482 35,693 4.9-29.8 
31,602,620 17,314,403 6,410,662 2,797,388 19,902 26.8-53.5 
31,376,203 19,177,989 6,492,831 3,447,352 372,623 28.4-56.9 
62,880,923 14,543,573 7,263,256 5,681,303 1,132,808 27.5-55.0 
64,249,235 10,321,213 5,763,354 3,555,596 1,132,808 9.5-39.0 
60,661,869 24,309,920 9,338,148 6,409,648 NA 42.3- 84.6 
83,954,672 88,764,143 NA NA NA NA 


*Polymorphic variants found in each species/subspecies after subtracting fixed sites. 
+Singletons and doubletons calculated combining all the samples within the species. 
£Variants only found in a single group within each species. 


§Calculated from Ow. = 1 x 107? to 0.5 x 10°? mutbp~! yr~! and g = 25 for Homo and Pan, 19 for Gorilla and 26 for Pongo. 


liHybrid sample Donald and 4 related gorillas were excluded. 
The combined data for groups is shown in bold. 
NA, not applicable. 


and both orangutan species show the greatest genetic diversity (1.6 X 
10 °-2.4X 10 ° heterozygotes per bp). These differences are also 
reflected by measures of inbreeding from runs of homozygosity’? 
(Fig. 1c and Supplementary Information). Bonobos and western low- 
land gorillas, for example, have similar distributions of tracts of homo- 
zygosity as human populations that have experienced strong genetic 
bottlenecks (Karitiana and Papuan). Eastern lowland gorillas appear to 
represent the most inbred population, with evidence that they have 
been subjected to both recent and ancient inbreeding. 

To examine the level of genetic differentiation between individuals 
we performed a principal component analysis (PCA) of SNP genotypes 
(Supplementary Information). Chimpanzees were stratified between 
subspecies with PC1 separating western and Nigeria~Cameroon chim- 
panzees from the eastern and central chimpanzees and PC2 separating 
western and Nigeria~Cameroon chimpanzees. In gorillas, PC1 clearly 
separates eastern and western gorillas, whereas the western lowland 
gorillas are distributed along a gradient of PC2, with individuals from 
the Congo and western Cameroon positioning in opposite directions 
along the axis. The isolated Cross River gorilla is genetically more 
similar to Cameroon western lowland gorillas and can be clearly dif- 
ferentiated with PC3 (Supplementary Fig. 8.2.9). 

We explored the level of shared ancestry among individuals within 
each group“ using an admixture model (FRAPPE). In chimpanzees, 
the four known subspecies are clearly distinguished when fitting the 
model using four ancestry components (K = 4) (Fig. 1d). Additional 
substructure is identified among the eastern chimpanzees Vincent 
and Andromeda (K = 6), who hail from the most eastern sample site 
(Gombe National Park, Tanzania). As in Gonder et al.’, we have iden- 
tified three Nigeria-Cameroon samples (Julie, Tobi and Banyo, 
K = 3-5) with components of central chimpanzee ancestry. However, 
taking central chimpanzees and the remaining Nigeria-Cameroon 
chimpanzees as ancestral populations shows no evidence of gene flow 
by either the F3 statistic or HapMix. This indicates that these three 
samples are not the result of a recent admixture and may represent a 
genetically distinct population (Supplementary Information). 

In gorillas, following the separation of eastern and western lowland 
species (K = 2), an increasing number of components further sub- 
divide western lowland populations distinguishing Congolese and 
Cameroonian gorillas—a pattern consistent with the structure observed 
in the PCA analysis (Supplementary Fig. 8.2.9). One striking observation 
is the extent of admixed ancestry predicted for captive individuals when 
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compared to wild-born. Our analysis suggests that most captive indivi- 
duals included in this study are admixed from two or more genetically 
distinct wild-born populations leading to an erosion of phylogeographic 
signal. This finding is consistent with microsatellite analyses of captive 
gorillas'’ and the fact that great ape breeding programs have not been 
managed at the subspecies level. 

As great apes have been evolving on separate lineages since the mid- 
dle Miocene, we attempted to reconstruct the history of these various 
species and subspecies by applying methods sensitive to branching 
processes, changes in effective population size (N.), and gene flow 
occurring at different time scales. Using a combination of speciation 
times inferred from a haploid pairwise sequential Markovian coalescent 
(PSMC) analysis'®, a coalescent hidden Markov model (CoalHMM)° 
and incomplete lineage sorting approaches, we were able to estimate 
the most ancient split times and effective population sizes among the 
great ape species. By combining these estimates with an approximate 
Bayesian computation (ABC)" analysis applied to the more complex 
chimpanzee phylogeny, we constructed a composite model of great ape 
population history over the last ~15 million years (Fig. 2). This model 
presents a complete overview of great ape divergence and speciation 
events in the context of historical effective population sizes. 

PSMC analyses of historical N.. (Fig. 3) suggests that the ancestral Pan 
lineage had the largest effective population size of all lineages >3 mil- 
lion years ago (Myr), after which time the population of the common 
ancestor of both bonobos and chimpanzees experienced a dramatic 
decline. Both PSMC and ABC analyses support a model of subsequent 
increase in chimpanzee N, starting ~1 Myr, before their divergence 
into separate subspecies. Following an eastern chimpanzee increase in 
N. (~500 thousand years ago, kyr), the central chimpanzees reached 
their zenith ~200-300 kyr followed by the western chimpanzee 
~150kyr. Although the PSMC profiles of the two subspecies within 
each of the major chimpanzee clades (eastern/central and Nigeria- 
Cameroon/western) closely shadow each other between 100 kyr and 
1 Myr, the western chimpanzee PSMC profile is notable for its initial 
separation from that of the other chimpanzees, followed by its sudden 
rise and decline (Fig. 3 and Supplementary Information). The different 
gorilla species also show variable demographic histories over the past 
~200 kyr. Eastern lowland gorillas have the smallest historical N., con- 
sistent with smaller present-day populations and a history of inbreeding 
(Fig. 1c). A comparison of effective population sizes with the ratio of 
non-synonymous to synonymous substitutions finds that selection has 
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Figure 1 | Samples, heterozygosity and genetic diversity. a, Geographical 
distribution of great ape populations across Indonesia and Africa sequenced in 
this study. The formation of the islands of Borneo and Sumatra resulted in the 
speciation of the two corresponding orangutan populations. The Sanaga River 
forms a natural boundary between Nigeria-Cameroon and central chimpanzee 
populations whereas the Congo River separates the bonobo population from 
the central and eastern chimpanzees. Eastern lowland and western lowland 
gorillas are both separated by a large geographical distance. b, Heterozygosity 
estimates of each of the individual species and subspecies are superimposed 
onto a neighbour-joining tree from genome-wide genetic distance estimates 
(branch lengths in units of substitutions per bp). Arrows indicate 
heterozygosities previously reported” for western and central chimpanzee 
populations. c, Runs of homozygosity among great apes. The relationship 


acted more efficiently in populations with higher N,, consistent with 
neutral theory (Supplementary Information). 

Although the phylogeny of bonobos and western, central and east- 
ern common chimpanzees has been well established based on genetic 
data’*, there is still uncertainty regarding their relationship to Nigeria- 
Cameroon chimpanzees”"’. Regional neighbour-joining trees and a 
maximum-likelihood tree estimated from allele frequencies both show 
that Nigeria~Cameroon and western chimpanzees form a clade. A com- 
plex demographic history has been previously reported for chimpanzees 
with evidence of asymmetrical gene flow among different subspecies. 
For instance, migration has been identified from western into eastern 
chimpanzees’, two subspecies that are currently geographically isolated. 
We find support for this using the D-statistic, a model-free approach that 
tests whether unequal levels of allele sharing between an outgroup and two 
populations that have more recently diverged (D(H,W3E,C)> 16 s.d.). 
However, no previous genome-wide analysis that has examined gene 
flow included chimpanzees from the Nigeria-Cameroon subspecies 
and a comparison of them with eastern chimpanzees results in a highly 
significant D-statistic (D(H,E;W,N)>25 s.d.). Furthermore, TreeMix, 
a model-based approach that identifies gene flow events to explain 
allele frequency patterns not captured by a simple branching phylo- 
geny, infers a signal of gene flow between Nigeria-Cameroon and 
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between the coefficient of inbreeding (Fgox) and the number of autozygous 
>1 megabase segments is shown. Bonobos and eastern lowland gorillas show 
an excess of inbreeding compared to the other great apes, suggesting small 
population sizes or a fragmented population. d, Genetic structure based on 
clustering of great apes. All individuals (columns) are grouped into different 
clusters (K = 2 to K = 6, rows) coloured by species and according to their 
common genetic structure. Most captive individuals, labelled on top, show a 
complex admixture from different wild populations. A signature of admixture, 
for example, is clearly observed in the known hybrid Donald, a second- 
generation captive predicted to be a 15% admixture of central chimpanzee on a 
western background consistent with its pedigree. A grey line at the bottom 
denotes new groups at K = 6 in agreement with the location of origin or 
ancestral admixture. 


eastern chimpanzees (P = 2 X 10°°°). A more detailed treatment of 


gene flow applying different models and methods may be found in 
the Supplementary Information. 

Genetic diversity is depressed at or close to genes in almost all 
species (Supplementary Fig. 11.1) with the effect less pronounced in 
subspecies with lower estimated N,, consistent with population genetic 
theory. When we compare the relative level of X chromosome and 
autosomal (X/A) diversity across great apes as a function of genetic 
distance from genes, the eastern lowland gorillas and Bornean oran- 
gutans are outliers, with substantially reduced X/A diversity compared 
to the neutral expectation of 0.75, regardless of the distance to genes. 
This pattern is consistent with a recent reduction in effective popu- 
lation size*®, clearly visible in the PSMC analysis for both species 
(Fig. 3). However, bonobos also demonstrate a relatively constant level 
of X/A diversity regardless of distance from genes, with values very much 
in line with neutral expectations. All other subspecies demonstrate a 
pattern consistent with previous studies in humans”’ where X/A diver- 
sity is lower than 0.75 close to genes and higher farther away from genes. 

It has been proposed that loss of gene function may represent a 
common evolutionary mechanism to facilitate adaptation to changes 
in an environment”. There has been speculation that the success of 
humans may have, in part, been catalysed by an excess of beneficial 


25 JULY 2013 | VOL 499 | NATURE | 473 


©2013 Macmillan Publishers Limited. All rights reserved 


LETTER 


0 Time (Myr) N, (« 10°) 
1 


Sumatran akg 
Bornean 8 
Eastern 2 


“lowland 
Cross River 4 


Western 
20 

lowland 
Bonobo 5 
Western 5 

Nigeria— 

1 Cameroon 

Chimpanzee Eastern 12 
Central 30 
Human 8 


1 
25 20 15 10 5 2 1 0 Divergence 


(mut bp~ yr- x 103) 
Figure 2 | Inferred population history. Population splits and effective 
population sizes (N.) during great ape evolution. Split times (dark brown) and 
divergence times (light brown) are plotted as a function of divergence (d) on the 
bottom and time on top. Time is estimated using a single mutation rate (1) of 
1X 10-? mutbp ‘year '. The ancestral and current effective population sizes 
are also estimated using this mutation rate. The results from several methods 
used to estimate N. (COALHMM, ILS COALHMM, PSMC and ABC) are 
coloured in orange, purple, blue and green, respectively. The chimpanzee split 
times are estimated using the ABC method. The x axis is rescaled for 
divergences larger than 2 X 10 * to provide more resolution in recent splits. All 
the values used in this figure can be found in Supplementary Table 5. The 
terminal N, correspond to the effective population size after the last split event. 


loss-of-function mutations”’. We thus characterized the distribution of 
fixed loss-of-function mutations among different species of great apes 
identifying nonsense and frameshift mutations resulting from SNVs 
(n = 806) and indels (n = 1080) in addition to gene deletion events 
(n = 96) (Supplementary Table 4). We assigned these events to the 
phylogeny and determined that the number of fixed loss-of-function 
mutations scales proportionally to the estimated branch lengths (R° = 
0.987 SNVs, R* = 0.998 indels). In addition, we found no evidence of 
distortion on the terminal branches of the tree compared to point 
mutations based on a maximum likelihood analysis (Supplementary 
Information). Thus, the human branch in particular showed no excess 
of fixed loss-of-function mutations even after accounting for human- 
specific pseudogenes (Supplementary Information). 
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Figure 3 | PSMC analysis. Inferred historical population sizes by pairwise 
sequential Markovian coalescent analysis. The lower x axis gives time measured 
by pairwise sequence divergence and the y axis gives the effective population 
size measured by the scaled mutation rate. The upper x axis indicates scaling in 
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Our analysis provides one of the first genome-wide views of the 
major patterns of evolutionary diversification among great apes. We 
have generated the most comprehensive catalogue of SNPs for chim- 
panzees (27.2 million), bonobos (9.0 million), gorillas (19.2 million) 
and orangutans (24.3 million) (Table 1) to date and identified several 
thousand AIMs, which provides a useful resource for future analyses 
of ape populations. Humans, western chimpanzees and eastern gorillas 
all show a remarkable dearth of genetic diversity when compared to 
other great apes. It is striking, for example, that sequencing of 79 
great ape genomes identifies more than double the number of SNPs 
obtained from the recent sequencing of more than a thousand diverse 
humans”—a reflection of the unique out-of-Africa origin and nested 
phylogeny of our species. 

We provide strong genetic support for distinct populations and 
subpopulations of great apes with evidence of additional substructure. 
The common chimpanzee shows the greatest population stratification 
when compared to all other lineages with multiple lines of evidence 
supporting two major groups: the western and Nigeria-Cameroon and 
the central and eastern chimpanzees. The PSMC analysis indicates a 
temporal order to changes in ancestral effective population sizes over 
the last two million years, previous to which the Pan genus suffered a 
dramatic population collapse. Eastern chimpanzee populations reached 
their maximum size first, followed by the central and western chim- 
panzee. The Nigeria-Cameroon chimpanzee population size appears 
much more constant. 

Despite their rich evolutionary history, great apes have experienced 
drastic declines in suitable habitat in recent years”, along with declines 
in local population sizes of up to 75% (ref. 27). These observations 
highlight the urgency to sample from wild ape populations to more 
fully understand reservoirs of genetic diversity across the range of each 
species and to illuminate how basic demographic processes have affec- 
ted it. The >80 million SNPs we identified in this study may now be 
used to characterize patterns of genetic differentiation among great 
apes in sanctuaries and zoos and, thus, are of great importance for the 
conservation of these endangered species with regard to their original 
range. These efforts will greatly enhance conservation planning and 
management of apes by providing important information on how to 
maintain genetic diversity in wild populations for future generations. 
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METHODS SUMMARY 


We sequenced to a mean coverage of 25X (Illumina HiSeq 2000) a total of 79 great 
ape individuals, representing 10 subspecies and four genera of great apes from a 
variety of populations across the African continent and Southeast Asia. SNPs were 
called using GATK” after BWA” mapping to the human genome (NCBI Build 36) 
using relaxed mapping parameters. Samples combined by species were realigned 
around putative indels. SNP calling was then performed on the combined indivi- 
duals for each species. For indels, we used the GATK Unified Genotyper to 
produce an initial set of indel candidates applying several quality filters and 
removing variants overlapping segmental duplications and tandem repeats. We 
also removed groups of indels clustering within 10 bp to eliminate possible arte- 
facts in problematic regions. Conservative allelic imbalance filters were used to 
eliminate false heterozygotes that may affect demographic analyses, some of which 
are sensitive to low levels of contamination. We estimate that the application of 
this filter resulted in a 14% false negative rate for heterozygotes. Our multispecies 
study design facilitated this assessment of contamination, which may remain 
undetected in studies focused on assessing diversity within a single species. The 
amount of cross-species contamination was estimated from the amount of non- 
endogenous mitochondrial sequence present in an individual. Because we wished 
to compare patterns of variation between and within species, we report all variants 
with respect to coordinates of the human genome reference. For FRAPPE analyses, 
we used MAFO.06 (human, orangutan and bonobo) and 0.05 (chimpanzee and 
gorilla) to remove singletons. For most of the analyses, we only used autosomal 
markers, except in the X/A analysis. To determine the amount of inbreeding, we 
calculated the heterozygosity genome-wide in windows of 1 megabase with 200- 
kilobase sliding windows. We then clustered together the neighbouring regions to 
account for runs of homozygosity. For the PSMC analyses, we called the consensus 
bases using SAMtools”. Underlying raw sequence data are available through the 
Sequence Read Archive (SRA) (PRJNA189439 and SRP018689). Data generated in 
this work are available from (http://biologiaevolutiva.org/greatape/). A complete 
description of the materials and Methods is provided in the Supplementary 
Information. 
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North Atlantic Ocean control on surface heat flux on 


multidecadal timescales 


Sergey K. Gulev''*’, Mojib Latif**, Noel Keenlyside®, Wonsun Park? & Klaus Peter Koltermann® 


Nearly 50 years ago Bjerknes' suggested that the character of 
large-scale air-sea interaction over the mid-latitude North Atlantic 
Ocean differs with timescales: the atmosphere was thought to drive 
directly most short-term—interannual—sea surface temperature 
(SST) variability, and the ocean to contribute significantly to long- 
term—multidecadal—SST and potentially atmospheric variability. 
Although the conjecture for short timescales is well accepted, under- 
standing Atlantic multidecadal variability (AMV) of SST’? remains 
a challenge as a result of limited ocean observations. AMV is none- 
theless of major socio-economic importance because it is linked to 
important climate phenomena such as Atlantic hurricane activity 
and Sahel rainfall, and it hinders the detection of anthropogenic 
signals in the North Atlantic sector**. Direct evidence of the oceanic 
influence of AMV can only be provided by surface heat fluxes, the 
language of ocean-atmosphere communication. Here we provide 
observational evidence that in the mid-latitude North Atlantic and 
on timescales longer than 10 years, surface turbulent heat fluxes are 
indeed driven by the ocean and may force the atmosphere, whereas 
on shorter timescales the converse is true, thereby confirming the 
Bjerknes conjecture. This result, although strongest in boreal winter, 
is found in all seasons. Our findings suggest that the predictability of 
mid-latitude North Atlantic air-sea interaction could extend beyond 
the ocean to the climate of surrounding continents. 

AMV is characterized by coherent changes in SST over the whole of 
the North Atlantic that are most pronounced in the extratropics with a 
period of 70-80 years**. In many climate models, AMV results from 
variations in the Atlantic Meridional Overturning circulation (AMOC) 
that are generated internally by the coupled ocean—atmosphere system 
itself. Some studies”*, however, argue that radiative forcing by aerosols 
drives AMV, but the impact of aerosols on climate remains highly 
uncertain’. Although AMV has been shown to influence tropical 
climate® and extratropical summer conditions in the North Atlantic 
sector’, the role of the mid-latitudinal SST variations in forcing a 
large-scale atmospheric response is controversial’®'’. Nevertheless, 
there is some evidence from data and climate models that AMV forces 
coordinated variations in European and North American climate*’*"* 
through the advection of heat and moisture released from the North 
Atlantic. 

Air-sea heat exchange is at the core of the whole chain of processes 
by which the North Atlantic Ocean may influence the atmosphere. If 
mid-latitudinal decadal and longer-term variations in SST are driven 
largely by ocean dynamics, then increasing or decreasing SST results in 
enhanced or reduced heat release, respectively, from the ocean to the 
atmosphere. The opposite process dominates air-sea flux variability 
on short timescales’*: increasing or decreasing air-sea fluxes extract 
heat from the ocean and imply a decrease or increase, respectively, in 
SST. To explicitly quantify the transition between the short-term SST 
variations forced by the atmosphere and long-term oceanic changes 
that may influence the atmosphere, one therefore has to investigate 
surface heat fluxes. However, in contrast to SST and air temperature, 


temporally homogeneous long time series of surface fluxes were not 
available as a result of only poorly sampled parameters needed for flux 
computations, especially before the 1950s’. Here we use a new data set 
of turbulent heat fluxes reconstructed for the period from 1880 
onwards from exclusively voluntary observing ship (VOS) observa- 
tions of surface meteorological variables. This long record enables us to 
explicitly test the Bjerknes conjecture with data. 

An AMV index is computed by averaging detrended monthly SST"” 
anomalies over the Atlantic region 35-50° N (Fig. 1a). Although this 
region differs from those used for quantifying AMV previously**°, SST- 
based AMV index defined for this region is highly correlated with 
alternative definitions (Supplementary Fig. 1 and Supplementary 
Table 1) and depicts strong multidecadal variability. The major motiva- 
tion for choosing this region is the larger number of observations of 
meteorological variables used for reconstructing surface turbulent heat 
fluxes. Time series of surface turbulent heat fluxes for the North Atlantic 
from 1880 onwards and at 5° X 5° spatial resolution are derived from 
VOS observations by the procedure of homogenization of sampling, a 
simplified bulk algorithm for the computation of fluxes’*, and a priori 
knowledge of the statistical distribution of surface turbulent heat 
fluxes’? (Methods). Climatological total (sensible plus latent) turbulent 
heat fluxes over the North Atlantic for the period 1880-2007 capture 
the well-known major features, specifically the maxima over the Gulf 
Stream and in the subpolar North Atlantic (Fig. 1a). 

The AMV index and surface turbulent heat fluxes averaged over 5° 
boxes in the mid-latitudinal and subpolar North Atlantic were decom- 
posed into long-term (multidecadal) and short-term (interannual to 
decadal) components (Methods). Multidecadal fluctuations in surface 
turbulent heat fluxes and the SST index (as given by 11-year running 
means) are positively correlated (Figs 1b and 2) over the western mid- 
latitudinal North Atlantic, with the largest correlations of 0.77 found 
southeast of Newfoundland, which is statistically significant at the 95% 
level (Methods). Thus, in this region and on multidecadal timescales, 
increasing or decreasing surface ocean temperature goes along with a 
respective increase or decrease in surface turbulent fluxes; that is, the 
ocean heats or cools the atmosphere, respectively. This pattern holds 
for both sensible and latent flux (Supplementary Fig. 2) and is very 
persistent throughout the year, with only minor variations in the cor- 
relation strength (Supplementary Fig. 3). Similar analyses performed 
with NOAA-CIRES 20th Century Reanalysis V2 (20CRv2)”° confirm 
this finding (Supplementary Fig. 4). The close association between 
large-scale SST anomalies and the local surface heat flux in this area 
is also consistent with modelling studies**’. 

According to previous diagnostic and modelling wor and as 
outlined above, we note that, on interannual to decadal timescales, the 
interaction between the SST and surface heat flux is different from that 
on multidecadal timescales. In mid-latitudes, the atmosphere, as a fast 
dynamical system, determines short-period synoptic variations in the 
heat flux that drive the temperature of the upper ocean mixed layer. 
Furthermore, the intensity of the day-to-day (synoptic) activity in the 
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Figure 1 | Spatial pattern of correlation between the AMV SST index and 
anomalies of surface turbulent heat fluxes for the long-term and short-term 
components. a, SST (blue contours) and surface turbulent sensible plus latent 
heat flux (shading) climatologies for the period 1880-2007. Surface heat flux 
climatology is based on 5° X 5° averaged time series. b, c, Correlation between the 
AMV SST index and local anomalies of surface turbulent sensible plus latent heat 
flux for the interdecadal long-term component (b) and the interannual short-term 
component (c). The AMV SST index is computed as SST anomalies averaged over 
the region 35-50° N (grey box in a). For correlations in b and c, black boxes 
indicate 95% significance level according to a random phase test”*. 


North Atlantic mid-latitudes is closely linked to the North Atlantic 
Oscillation (NAO)”, the leading mode of internal atmospheric vari- 
ability in this region, which is strongly correlated with surface fluxes on 
short interannual to intra-decadal timescales. 

Consistent with this notion, deviations of the AMV index and sur- 
face turbulent heat flux from their respective 11-year running means, 
representing the short-term variability, are negatively correlated over 
the North Atlantic (Fig. 1c). The strongest correlations, close to —0.5, 
are identified east of Newfoundland and in the southern Labrador Sea. 
This implies that stronger surface fluxes result in decreasing SST, whereas 
weaker fluxes result in increasing SST, which is especially pronounced 
during the cold season (Supplementary Fig. 3) when atmospheric syn- 
optic variability is most intense. Short-term variations in North Atlantic 
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Figure 2 | Time series of AMV SST index and anomalies of sensible plus 
latent heat flux in the mid-latitudinal North Atlantic. Bottom: a 128-year 
time series of the AMV SST index derived from HadISST1 data set for 35-50° N 
(red) and anomalies of surface turbulent sensible plus latent heat flux Qh. (green) 
averaged over the region shown in green in the inset map. Thin and thick lines are 
annual means and 11-year running means, respectively. Top: running correlation 
between the time series for the long-term (magenta) and short-term (blue) 
components. Correlations were computed over 90-year segments (indicated by 
horizontal arrows) moving from the beginning to the end of the records. 


SST and turbulent heat flux averaged over 35-50° N are in antiphase, 
especially during the periods from the 1930s to the early 1950s and after 
1960 (Fig. 2). Our results for both long-term and short-term variability 
remain practically unchanged when the SST-based AMV index is derived 
by using alternative SST data or by removing the anthropogenic signal 
using regression of the local SST onto time series of global mean surface 
temperature (Supplementary Figs 5 and 6). The correlation for the long- 
term component is somewhat stronger during the second part of the 
record, whereas the anticorrelation of short-term variability is slightly 
stronger before 1970 (Fig. 2 and Supplementary Fig. 7). For the long-term 
component this is primarily due to the impact of the very beginning of the 
record before 1885 and can be also partly explained by the larger mag- 
nitude of interdecadal variation in both SST and surface fluxes during the 
last several decades (Fig. 2) and a slight displacement of the maximum 
correlation pattern eastward (Supplementary Fig. 7). The use of AMV 
indices based on alternative approaches for processing the SST data, 
including methods to remove anthropogenic signal, results in smaller 
differences in correlation between the first and second parts of the record 
(Supplementary Fig. 8). 

The different character of air-sea interaction on multidecadal and 
interannual timescales is clearly demonstrated by cross-spectral ana- 
lysis (Fig. 3). The spectra of North Atlantic SST and surface turbulent 
heat fluxes (Methods) both show a peak at a period of 50-70 years. 
Both multidecadal and interannual variations of SST and observation- 
ally based surface fluxes are highly coherent (Fig. 3). However, the 
phase lag between the two is very close to zero in the band 30-70 
years and sharply switches to antiphase, with a phase of about 180° at 
periods smaller than decadal. Thus, there is a negative feedback such 
that multidecadal SST variations are damped by the surface heat fluxes, 
which in turn implies that the ocean heats or cools the atmosphere on 
these long timescales, a situation that exists on interannual timescales 
in parts of the Tropics, for example, the equatorial Pacific Ocean. 

The timescale on which the character of air-sea interaction in the 
North Atlantic mid-latitudes changes qualitatively is clearly identified 
by the correlations between SST and surface heat fluxes calculated 
at different timescales and averaged over the mid-latitudinal North 
Atlantic (Fig. 4). The long-term components are highly positively 
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Figure 3 | Cross-spectral analysis of the AMV SST index and anomalies of 
surface turbulent heat fluxes. Bottom: power spectra of the SST index (red) 
and surface turbulent sensible plus latent heat flux in the region shown in Fig. 2 
(green). There is a pronounced peak at a roughly 60-yr period in both spectra. 
Top: squared coherence of SST AMV index and surface heat flux (orange) and 
phase lag between the time series (blue). A phase lag close to zero indicates that 
oscillations of SST and surface fluxes are in-phase, while a phase lag varying 
around 180° shows that the oscillation at a given frequency is in antiphase. For 
easier interpretation, ordinate labels change sign at 180°. Grey shading shows the 
range of negative phase lags. Thin dashed lines in both panels indicate 95% 
significance levels for spectral power and coherence. Frequencies on the x axis are 
in cycles per year (cpy); additionally, corresponding periods in years are indicated. 


correlated and the short-term components show significant negative 
correlations (and field significance in this belt) when the length of the 
running mean window used to separate short-term and long-term 
components exceeds 10 years. When the length of the running mean 
is shorter than 10 years, the correlations for both long-term and short- 
term components weaken substantially, with the pattern lacking field 
significance (Methods). 

Our analysis based on reconstructed time series of turbulent heat 
flux at the sea surface during 1880-2007 clearly shows that multide- 
cadal variations in SST in the Gulf Stream extension region have an 
active role in air-sea interaction and thus in diabatic heating of the 
lower atmosphere. The link is strongest at periods of 50-70 years and is 
significantly associated with AMV, which is consistent with results 
from climate models in the absence of external forcing. On interannual 
timescales, however, the atmosphere, as expected, drives changes in 
SST, with cooling or warming of the surface ocean under the influence 
of intensified or weakened surface fluxes, respectively. The results are 
important in the context of climate predictability in the sense that the 
North Atlantic multidecadal SST changes may not only be predictable 
but may also drive a large-scale atmospheric response. This is not so 
for the shorter interannual and intra-decadal timescales, on which 
chaotic atmospheric variability drives SST. 

We have considered here only the turbulent heat fluxes, which are 
known to contribute the largest share to the total (net) heat flux 
variability at the ocean’s surface. In future work it would be important 
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Figure 4 | Changing correlations between the AMV SST index and 
anomalies of surface heat fluxes with the length of the filtering window. 
Correlation between anomalies of the AMV SST index and surface turbulent 
heat fluxes were estimated with different running mean lengths for the long- 
term component (magenta) and the short-term component (blue). Correlation 
coefficients were averaged over the area shown in Fig. 2; error bars indicate s.d. 
of coefficient values. Highly positive correlations between the long-term 
components and significantly negative correlations between the short-term 
components are persistent for the windows of 10 years and more, implying the 
timescale on which the interaction between SST and surface turbulent fluxes 
changes its character. The grey shaded band shows the range for which patterns 
of positive correlations for the long-term components and negative correlations 
for the short-term components hold field significance within the 35-50° N area. 


to extend the analysis to the radiative components of air-sea heat 
exchange (short-wave and long-wave radiation fluxes) to complete 
the surface heat balance. This will particularly permit testing of the 
capabilities of external radiative forcing”® as a driving factor for AMV. 
However, reconstruction of the radiative fluxes requires estimates of 
cloud cover, which was poorly sampled before World War II. Our 
work nevertheless opens an interesting avenue for the analysis of the 
results of model simulations of the climate for the previous century and 
will help to design new experiments, extending earlier efforts*’* and 
targeting the role of ocean signals in forcing atmospheric variability on 
multidecadal timescales in the North Atlantic and possibly also other 
ocean basins. 


METHODS SUMMARY 


We have reconstructed long-term time series of surface turbulent heat fluxes using 
individual VOS reports from the International Comprehensive Ocean- Atmosphere 
Data Set (ICOADS, version 2.5)" for the period 1880-2007. To minimize the impact 
of time-dependent sampling errors (Supplementary Figs 9 and 10) on the results, we 
subsampled’’” the meteorological variables randomly, selecting 45 reports for each 
5° grid cell in each season. Special selection procedures were used to minimize the 
impact of changes in observational practices on the results'®**’’. Atmospheric 
humidity was reconstructed with a simple multivariative regression procedure based 
on the data for the period 1960-1980 (Supplementary Figs 11 and 12). Subsampling 
was repeated 20 times for each 5° grid cell and for each season (January-March, 
April-June, July-September and October-December). The robustness of the results 
with respect to the number of samples is discussed in Supplementary Fig. 10b, c. 
Surface fluxes were then computed from the subsampled data by using a simplified 
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version of the COARE-3.0 algorithm'* (20 subsamples). For each subsample the 
modified Fisher-Tippett distribution’? was used to approximate the computed 
fluxes and was further integrated to obtain estimates of seasonal mean flux. Averag- 
ing over 20 random subsamples provided seasonal estimates of surface sensible and 
latent fluxes for a grid cell. 

Decomposition of the 128-year time series of the detrended (Supplementary 
Figs 5 and 6) SST and surface heat fluxes into long-term (interdecadal) and short- 
term (interannual) components was performed by applying an 11-year running 
mean (or running mean over different smoothing windows; see Fig. 4 for example). 
The correlation analysis* was performed for the detrended time series. Cross- 
spectral analysis was performed with the maximum entropy method” on the basis 
of predicting the available data to infinite time by an autoregressive fitting 
(Supplementary Fig. 13). 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Reconstruction of surface turbulent heat flux time series. To reconstruct long- 
term time series of surface turbulent heat fluxes in the North Atlantic we applied 
a methodology designed to minimize temporal inhomogeneities in sampling 
density and observational practices. We used individual VOS reports from the 
International Comprehensive Ocean—Atmosphere Data Set (ICOADS, version 
2.5)'° for the period 1880-2007. Although North Atlantic mid-latitudes are gene- 
rally better sampled with VOS observations than other regions of the World 
Ocean, there is a strong inhomogeneity in the number of samples through the 
years with the number of observations in the 1880s-1900s being 10-20-fold 
smaller than in the 1960s-2000s (Supplementary Figs 9 and 10). To minimize 
the impact of time-dependent sampling error on the results we subsampled’””° 
meteorological variables randomly, selecting 45 reports for each 5° grid cell in each 
calendar season (January-March, April-June, July-September and October- 
December). To minimize the impact of changes in observational practices” 
on the results we selected only reports with bucket measurements of SST'” and 
with Beaufort estimates of wind speed that were converted to wind speed by using 
the Lindau equivalent scale”’. If during the previous decades there were not enough 
reports meeting these requirements, information on anemometer heights of 
marine carriers”’ was used for the adjustment of wind speed to a standard height, 
and neutral stability and non-bucket SST measurements were corrected’. Atmos- 
pheric humidity data are more poorly sampled than the other variables’®, and 
temporal sampling inhomogeneity for humidity is much stronger than for the 
other parameters. To ensure homogeneity of surface turbulent heat flux estimates, 
instead of using actual humidity data we developed a simple multivariative regres- 
sion procedure for the reconstruction of relative humidity using temperature, sea 
level pressure and wind speed data. The procedure was developed with the data for 
the period 1960-1980 (the best-sampled period for the North Atlantic), and the 
derived regression model was applied for the reconstruction of relative humidity 
for the whole period from 1880 to 2007. Use of the reconstructed humidity may 
result in a random error in latent heat flux estimates of about +6Wm ~ for 
monthly values (Supplementary Figs 11 and 12). Reconstruction of the humidity 
resulted in a close correlation of the latent and sensible heat fluxes, so that we show 
here the results for the total (sensible plus latent) turbulent heat flux. Subsampled 
meteorological variables were used to compute sensible and latent heat flux esti- 
mates by using a simplified version of the COARE-3.0 algorithm", with parts of 
the scheme requiring additional parameters being neglected. Subsampling proce- 
dures were repeated 20 times for each 5° grid cell and for each calendar season. For 
every subsample a statistical distribution of the computed fluxes was then approxi- 
mated by the modified Fisher-Tippett distribution”, which was integrated to 
obtain seasonal mean flux estimates. The average over 20 simulations of the 
random subsampling provided seasonal estimates of surface sensible and latent 
heat fluxes for a grid cell. We believe that this procedure produces North Atlantic 
surface turbulent heat flux time series that are homogeneous in terms of sampling 
and observational practices. To investigate the impact of the number of samples on 
the results, we repeated calculations for different numbers of samples from 20 to 70 
per 5° grid cell per season. Supplementary Fig. 10b, c shows the robustness of the 


results to the number of samples. For some regions in the late nineteenth century 
and the first half of the twentieth century the number of observations was never- 
theless very small for deriving the values of surface heat fluxes. For these locations 
heat flux anomalies were produced by an interpolation procedure (Supplementary 
Fig. 14 and caption to Supplementary Fig. 5). Comparison of the reconstructed 
turbulent heat fluxes with the other advanced surface heat flux data sets” for the 
past few decades shows that our fluxes are generally smaller by about 10-30%, 
although their interannual variability is quite comparable (Supplementary Fig. 15). 
Statistical methods. Decomposition of 128-year time series of SST and surface 
fluxes into long-term (interdecadal) and short-term (interannual) components was 
performed by applying an 11-year running mean (or a running mean over different 
smoothing windows, for example Fig. 4). The running mean was considered to be 
the long-term component, and deviations from it were considered to be the short- 
term component. More sophisticated filtering procedures based on different low- 
pass and high-pass filters including Lanczos filtering*' were also applied, with very 
similar results. However, these procedures result typically in a much larger time 
series cutoff—that is, data loss—of time series compared with the running mean. 
Thus, all analyses shown here were performed with running-mean filtering. 

Because we focused here on interdecadal and interannual variability and not on 
secular signals, the time series of both SST and surface turbulent fluxes were 
detrended by removing the linear trends, estimated with the least-squares proce- 
dure. An alternative method to account for secular changes potentially driven by 
externally forced climate change was to compute an AMV SST index from SST by 
first subtracting (spatially varying) SST variations that were linearly related to 
global mean surface temperature’. Although differences exist between the two 
indices, our key findings remain unchanged (Supplementary Figs 6 and 8). The 
correlation analysis was performed for the detrended time series. The significance 
of correlation for long-term and short-term components was estimated by taking 
into account autocorrelation of the time series with the non-parametric test based 
on phase-scrambling bootstrapping in the frequency domain”. 

Cross-spectral analysis was performed with the maximum-entropy method” 
based on predicting the available data to infinite time by an autoregressive fitting. 
An advantage of this method is that it is applicable to short time series when 
oscillations with two or three periods per record should be identified. The results 
of the spectral analysis are practically insensitive to the order of the autoregressive 
model”, implying the robustness of estimates of spectral peaks, coherence and 
phase (Supplementary Fig. 13). Estimates of field significance of correlation pat- 
terns were performed from the binomial distribution*’ for the area of the mid- 
latitudinal North Atlantic from 35° N to 50° N. 


30. Yu,L.&Weller, R.A. Objectively analyzed air-sea heat fluxes for the global ice-free 
oceans (1981-2005). Bull. Am. Meteorol. Soc. 88, 527-539 (2007). 

31. Duchon, C. E. Lanczos filtering in one and two dimensions. J. Appl. Meteor. 18, 
1016-1022 (1979). 

32. Ting,M.,Kushnir, Y., Seager, R. & Li, C. Forced and internal twentieth-century SST 
trends in the North Atlantic. J. Clim. 22, 1469-1481 (2009). 

33. Livezey, R. E. & Chen, W. Y. Statistical field significance and its determination by 
Monte-Carlo techniques. Mon. Weath. Rev. 111, 46-59 (1983). 


©2013 Macmillan Publishers Limited. All rights reserved 


LETTER 


doi:10.1038/nature12271 


Vascularized and functional human liver from an 
iPSC-derived organ bud transplant 
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A critical shortage of donor organs for treating end-stage organ failure 
highlights the urgent need for generating organs from human induced 
pluripotent stem cells (iPSCs)*. Despite many reports describing func- 
tional cell differentiation’, no studies have succeeded in generating a 
three-dimensional vascularized organ such as liver. Here we show the 
generation of vascularized and functional human liver from human 
iPSCs by transplantation of liver buds created in vitro (iPSC-LBs). 
Specified hepatic cells (immature endodermal cells destined to track 
the hepatic cell fate) self-organized into three-dimensional iPSC-LBs 
by recapitulating organogenetic interactions between endothelial and 
mesenchymal cells’. Immunostaining and gene-expression analyses 
revealed a resemblance between in vitro grown iPSC-LBs and in vivo 
liver buds. Human vasculatures in iPSC-LB transplants became func- 
tional by connecting to the host vessels within 48 hours. The forma- 
tion of functional vasculatures stimulated the maturation of iPSC-LBs 
into tissue resembling the adult liver. Highly metabolic iPSC-derived 
tissue performed liver-specific functions such as protein production 
and human-specific drug metabolism without recipient liver replace- 
ment®. Furthermore, mesenteric transplantation of iPSC-LBs rescued 
the drug-induced lethal liver failure model. To our knowledge, this is 
the first report demonstrating the generation of a functional human 
organ from pluripotent stem cells. Although efforts must ensue to 
translate these techniques to treatments for patients, this proof-of- 
concept demonstration of organ-bud transplantation provides a 
promising new approach to study regenerative medicine. 

Since the discovery of embryonic stem cells in 1981, decades of 
laboratory studies have failed to generate a complex vascularized organ 
such as liver from pluripotent stem cells, giving rise to the prevailing 
belief that in vitro recapitulation of the complex interactions among 
cells and tissues during organogenesis is essentially impractical’. Here 
we challenge this idea by focusing on the earliest process of organo- 
genesis, that is, cellular interactions during organ-bud development. 

During early liver organogenesis, newly specified hepatic cells delami- 
nate from the foregut endodermal sheet and form a liver bud®, a condensed 
tissue mass that is soon vascularized. Such large-scale morphogenetic 
changes depend on the exquisite orchestration of signals between endo- 
dermal epithelial, mesenchymal and endothelial progenitors before blood 
perfusion’. These observations led us to propose that three-dimensional 
liver-bud formation can be recapitulated in vitro by culturing hepatic 
endoderm cells with endothelial and mesenchymal lineages (Fig. 1a). To 
examine this hypothesis, we first prepared hepatic endoderm cells from 
human iPSCs (iPSC-HEs) by directed differentiation, producing approxi- 
mately 80% of the treated cells expressed the hepatic marker HNF4A, 
which is involved in cell fate determination (Supplementary Fig. 1). 

Next, to recapitulate early organogenesis, human iPSC-HEs were cul- 
tivated with stromal cell populations; human umbilical vein endothelial 
cells (HUVECs) and human mesenchymal stem cells (MSCs) unless sta- 
ted otherwise, because of their primitive nature (Supplementary Fig. 2a 
and Supplementary Discussion). Notably, although cells were plated in 


two-dimensional conditions, human iPSC-HEs self-organized into 
macroscopically visible three-dimensional cell clusters by an intrinsic 
organizing capacity up to 48h after seeding (Fig. 1 b, c, Supplementary 
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Figure 1 | Generation of human liver buds from human iPSCs. a, Schematic 
representation of our strategy. b, Self-organization of three-dimensional human 
iPSC-LBs in co-cultures of human iPSC-HEs with HUVECs and human MSCs (see 
also Supplementary Video 1). The time-lapse fluorescence imaging of human iPSC- 
HEs is shown here. Scale bar, 5 mm. ¢, Gross observation of human iPSC-LBs (top 
panel) and conventional two-dimensional cultures (bottom panel). Scale bar, 1 mm. 
d, Presence of human iPSC-HEs and nascent endothelial networks inside human 
iPSC-LBs. Green, human iPSC-HE or HUVEG; red, HUVEC or human MSC. Scale 
bars, 100 um. e, Quantitative PCR analysis of hepatic marker gene expression in 
human iPSC-LBs at day 6 of culture. Control samples were iPSC-HE: HUVEC: 
humanMSC cells that had been grown as separate cell types and not cultured 
together, then for control gene expression analysis the cells were mixed together at the 
same ratio of cell types as in human iPSC-LBs. Results represent mean + s.d., n = 8. 
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Fig. 2b, c and Supplementary Video 1). The presumed human iPSC- 
derived liver buds (iPSC-LBs) were mechanically stable and could be 
manipulated physically. We visualized a formation of endothelial network 
and homogenously distributed human iPSC-HEs by using fluorescent- 
protein-labelled cells (Fig. 1d). Although human iPSC-LBs area tri-lineage 
mixed tissue and difficult to compare directly with human iPSC-HEs, 
quantitative polymerase chain reaction (PCR) analysis revealed that cells 
in human iPSC-LB had significantly increased expression of early hepatic 
marker genes such as alpha-fetoprotein (AFP), retinol binding protein 4 
(RBP4), transthyretin (TTR) and albumin (ALB) (Fig. le)*. Microarray 
profiling showed that FGF and BMP pathways were upregulated highly in 
human iPSC-HEs when co-cultured with stromal cells, suggesting the 
involvement of stromal-cell-dependent factors in liver-bud formation 
(Supplementary Fig. 3a). Consistent with this, loss- and gain-of-function 
experiments suggested that, in addition to the direct cell-to-cell interac- 
tions, stromal-cell-dependent paracrine support is essential for three- 
dimensional liver-bud formation through the activating FGF and BMP 
pathways (Supplementary Fig. 3b-i and Supplementary Discussion)’. 
Human liver-bud formation is initiated on the third or fourth week of 
gestation, and this corresponds to embryonic day 9.5 (E9.5) to E10.5 for 
mouse liver-bud formation!®. Similar to E10.5 mouse liver bud, immuno- 
histochemistry showed that human iPSC-LB is composed of proliferating 
AFP-positive hepatoblasts'' as well as mesenchymal and endothelial 
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Figure 2 | In vitro characterization of human iPSC-LBs. a, Immunostaining 
of CK8/18, AFP, PECAM1 (CD31), FLK1, desmin, PCNA and BrdU 
(5-bromodeoxyuridine). Scale bars, 100 j1m. b, Proportions of proliferating 
hepatic cells, as assessed by dividing the number of PCNA-positive or 
BrdU-positive cells by the number of CK8/18-positive cells (shown as a 
percentage). Results represent means + s.d.,n = 3. c, Representative flow cytometry 
profile showing the average number of AFP-positive and/or ALB-positive human 
iPSC-HEs at day 4 of culture in six independent differentiation experiments. 
Human iPSC-HEs were separated from stromal populations by the use of 
fluorescence labelled cells. Average percentages of the total cells and s.e.m. are given 
in brackets. d, Comparison of liver developmental gene signatures among human 
iPSC-LB, human FLC-LB, human adult (30 years old) liver tissue (ALT) and mouse 
liver tissue (LT) of various developmental stages (from E9.5 to 8 weeks after birth). 
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progenitors (Fig. 2a). Hepatic cells in human iPSC-LBs were as prolif- 
erative as E10.5 mouse liver buds (Fig. 2b). Flow cytometric character- 
ization revealed that 42.7 + 7.5% (n= 6) of cells in human iPSC-LBs 
were identified as iPSC-HEs using fluorescence-labelled HUVECs and 
MSCs. Among these, approximately 71.9 + 7.3% (n = 6) of human iPSC- 
HEs expressed ALB and 29.9 + 2.8% expressed AFP, and 19.3 + 4.5% 
were positive for both ALB and AFP (Fig. 2c). 

To characterize the expression profiles of human iPSC-LBs and to 
compare with those of a corresponding developmental stage, we carried 
out microarray analysis of 83 selected genes that are serially upregulated 
during liver development. Hierarchical clustering analyses suggested 
that the expression profiles of human iPSC-LBs at day4 of culture 
resembled those of mouse E10.5 and E11.5 liver buds rather than 
advanced fetal or adult livers (Fig. 2d). These expression profiles were 
relatively similar to those of human fetal liver cell-derived liver buds 
(FLC-LBs) (Fig. 2d), which also have an ability to form LBs (Sup- 
plementary Figs 2a and 4). The 83-gene expression profile of human 
iPSC-LBs showed closer signatures to more advanced human liver 
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Figure 3 | Generation of human liver with functional vascular networks in 
vivo. a, Macroscopic observation of transplanted human iPSC-LBs, showing 
perfusion of human blood vessels. Dotted area indicates the transplanted human 
iPSC-LBs. b, Intravital tracking of human iPSC-LBs, showing in vivo dynamics of 
vascularization. c, Dextran infusion showing the functional human vessel 
formation at day 3. Scale bar, 500 um. d, Visualization of the connections (arrows) 
among HUVECs (green) and host vessels (blue). Scale bar, 250 jm. e, f, Localization 
of human MSCs or human iPSC-derived cells at day 15. Scale bars, 100 and 250 jim. 
g, Quantification of human vessels over time (mean + s.e.m., n = 3). Error bars 
attached to the bars relate to the left axis (vessel length), error bars attached to 
squares relate to the right axis (branch points). h, Comparison of functional vessel 
length between human iPSC-LB and HUVEC human MSC transplants (‘Tx) 
(mean = s.e.m.,n = 5,*P< 0.01). i, Vascular networks of human iPSC-LB-derived 
tissue is similar to that of mouse adult livers (mean + s.e.m., 1 = 5, *P < 0.01). 
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tissues derived from fetuses and adults 22 to 40 weeks into gestation 
than did human iPSC-derived mature hepatocyte-like cells (human 
iPSC-MHs) induced by published protocols’. This reflects the efficient 
hepatic commitment in liver buds as they mimicked ontogenetic 
interactions consistent with higher albumin production capacity after 
extended culture (Supplementary Figs 5 and 6). 

Haemodynamic stimulation is essential for liver-bud maturation’*. To 
test whether human iPSC-LBs were capable of generating completely 
functional liver, we used a cranial window model because of the optical 
access’’, We first tested the feasibility of this model by using mouse liver- 
bud-derived cells (Supplementary Discussion and Supplementary Fig. 7). 
To track the in vivo fate of transplanted cells, we performed repeated live 
imaging of liver-bud transplant-derived tissue over time. Notably, in vitro- 
derived human iPSC-LBs connected quickly with host vasculature within 
48 h of transplantation (Fig. 3a, b, Supplementary Fig. 8 and Supplemen- 
tary Videos 2 and 3). By infusing fluorescein-conjugated dextran and 
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Figure 4 | Functional characterization of human iPSC-LB derived liver. 

a, b, Haematoxylin and eosin, and immunofluorescence staining of tissues at 

day 60. Dotted line indicates the border on the brain. Scale bars, 200 jm (a, top 
row); 100 kum (a, bottom row and b, left and middle images on top and bottom 
rows) and 25 um (b, right images, top and bottom rows). ¢, Representative FACS 
profile for AFP- and/or ALB-positive human cells at day 60 (n = 8). Human cells 
were identified as a murine H2Kd-negative population. Results are shown as 
contour maps coloured by density of the scatter data. ALB /AFP population is 
grey; ALB /AFP* population is green; ALB*/AFP~ population is blue; and ALB*/ 
AFP* population is purple. d, e, ELISA showing levels of human serum ALB and 
AAT over time at various ectopic sites (cranium, mesentery and kidney 
subcapsule), compared with that of hAH (mean + s.e.m., n = 4 ind, n = 3 in 

e). See also Supplementary Tables 2 and 3. f, g, Human-specific ketoprofen (f) and 
debrisoquine (g) metabolite formations (mean + s.e.m., n = 3, *P < 0.05). 
Metabolic ratios were determined by dividing the AUCp_gy (the area under the 
curve from time 0 until 8 h; detailed explanation is described in Supplementary 
Methods) ratio of 4-hyroxydebrisoqune (4OHDB) to debrisoquine (DB). h, Venn 
diagram shows the metabolic profiles of human iPSC-LB transplants measured by 
CE-TOFMS (capillary electrophoresis time-of-flight mass spectrometry) 
(Supplementary Fig. 18). Representative metabolites are shown. i, Kaplan-Meier 
survival curves of TK-NOG mice after liver injury (P = 0.0120). i.p., intraperitoneal. 


mouse CD31 antibody, we showed that human blood vessels within the 
transplant became patent (unobstructed) by connecting host vessels at the 
edge of the transplant (Fig. 3c, d), and this was confirmed by whole-mount 
immunostaining of the explants (Supplementary Figs 9 and 10a, b, and 
Supplementary Video 4). Functional vessel formation was essential for 
the successful engraftment because human iPSC-HEs transplanted with- 
out endothelial cells failed to vascularize and engraft (Supplementary Fig. 
10c-f). Human vessels were long-lasting as they were stabilized by human 
MSC-derived perivascular cells (Fig. 3e-g)'*"*. Interestingly, the human 
iPSC-LB transplant vascular networks were similar in density and morph- 
ology to those of adult livers, whereas the vasculature in only HUVECs 
and human MSC transplants were much less dense; functional vessels 
were of similar diameter (approximately 12 1m) in both settings (in iPSC- 
LB transplants, and in HUVEC and human MSC transplants) (Fig. 3h, i, 
and Supplementary Figs 11 and 12). Animal studies suggest that endothe- 
lial cells not only form passive conduits to deliver nutrients and oxygen but 
also establish an instructive vascular niche, which stimulates liver organo- 
genesis and regeneration through elaboration of paracrine trophogens””. 
Our transplantation approach provided a unique intravital monitoring 
system for evaluating human iPSC-derived organ maturation and dif- 
ferentiation throughout the organogenesis, enabling us to dissect the 
previously uncharacterized roles of stromal cell types in human organ 
development. 

The liver-bud transplants were examined histologically at multiple 
time points. Hepatic cells in human iPSC-LBs proliferated rigorously, 
particularly until 2 months after transplantation (Supplementary Fig. 13). 
Similar to human FLC-LBs, human iPSC-LB transplants consisted of 
hepatic cord-like structures characteristic of adult liver after 60 days 
(Fig. 4a), composed of cells expressing the tight junction protein zona 
occludens 1 (ZO1), ALB and CK8/18 (Fig. 4b), asialoglycoprotein 
receptor 1 (ASGR1) and collagen IV (Supplementary Fig. 14), which 
were normally found along the entire length of the sinusoid'®. AFP- 
negative transplant-derived hepatic cells had the ultrastructural fea- 
tures of mature hepatocytes (Supplementary Fig. 15a—e). Quantitative 
fluorescence-activated cell sorting (FACS) profiling ofhuman iPSC-LB 
transplants showed that 32.9 + 6.4% (n = 8) of the total human cells 
were positive for just ALB, whereas 3.8 + 1.5% were positive for both 
ALB and AFP, as seen in human FLC-LB transplants, suggesting the 
maturation of human iPSC-HEs (Fig. 4c and Supplementary Fig. 16). 

To evaluate the functional maturation of human iPSC-LB ectopic 
transplants compared with that of human adult hepatocytes, human 
serum albumin was tracked by ELISA. Four transplanted human iPSC- 
LBs (consisting 1.8 X 10° immature hepatic cells) began producing 
albumin at approximately day 10 and produced up to 1,983 ng ml * 
by day 45, and hepatic maturation was observed at iPSC-LBs trans- 
planted at various ectopic sites, whereas 4 X 10° human adult hepatocytes 
could not keep producing high levels of albumin and showed a peak at 
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day 15 (Fig. 4d). Notably, transplanted conventional human iPSC-MHs 
(1 X 10” cells per mouse) produced much less albumin, suggesting the 
importance of three-dimensional and vascularized tissue formation for 
successful engraftment and maturation at ectopic sites. The amount of 
human serum alpha-1-antitrypsin (AAT) was in proportion to the num- 
ber of liver-bud transplants (Fig. 4e). Gene-expression profiling of human 
iPSC-LBs explanted 60 days (n = 8) after transplantation demonstrated 
the significant hepatic maturation compared with conventional human 
iPSC-MHs (n = 8)* (Supplementary Fig. 17). 

To analyse the drug metabolism activity that is a major function of the 
liver, the mice were challenged with ketoprofen” or debrisoquine’’, which 
are known to be metabolized differently by mice and humans. After the 
drug exposure, formation of human-specific metabolites was demon- 
strated in urine and serum samples collected from mice transplanted with 
human iPSC-LBs (Fig. 4f, g and Supplementary Discussion). Furthermore, 
to characterize the profiles of small-molecule metabolites such as the pro- 
ducts of sugar, amino acid and nucleotide metabolism, metabolome ana- 
lysis of human iPSC-LB transplants was performed. This showed 
222 metabolites, including liver-specific metabolites such as taurocholic 
acid (Fig. 4h). This profile, with a high number of metabolites, was similar 
to that of human adult liver but not to that of original human iPSCs (Sup- 
plementary Fig. 18). These results demonstrate the potential for predicting 
drug metabolite profiles of humans, with drug metabolite profiles of mice 
transplanted with human iPSC-LBs mimicking in vivo human physiology. 
This is particularly striking, as successful detection of human drug respon- 
siveness relies on the use of high-quality hepatocytes and severely damaged 
host liver using conventional chimaeric mouse models'””. 

With an aim to further our understanding of clinical transplantation 
and its future use, we evaluated the possibility of a minimally invasive 
mesenteric transplantation model, which would be a more realistic 
target site. Macroscopic observation confirmed the successful engraft- 
ment of transplanted LBs on mesentery (Supplementary Fig. 19a, b). 
Transplantation of 12 human iPSC-LBs improved the survival of TK- 
NOG mice” after the gancyclovir-induced liver failure compared with 
the sham-operated, human FLC-LB- and human adult-hepatocyte- 
transplanted mice (Fig. 4i and Supplementary Discussion). Thus, we 
successfully generated vascularized and functional human liver by 
transplantation of human iPSCs-LBs. 

Manipulation of iPSCs holds great promise for regenerative medicine. 
However, clinical trials of cell transplantation, currently an important 
target of the stem-cell-based approach, have presented unsatisfactory 
results. Our study demonstrates a proof-of-concept that organ-bud 
transplantation offers an alternative approach to the generation of a 
three-dimensional, vascularized organ. These results highlight the 
enormous therapeutic potential using in vitro-grown organ-bud trans- 
plantation for treating organ failure. 


METHODS SUMMARY 


Hepatic differentiation of human iPSCs was achieved based on a protocol reported 
previously*. HUVECs and human MSCs (Lonza) were maintained in endothelial 
growth medium (Lonza) or MSC growth medium (Lonza) at 37 °C in a humidified 
5% COz incubator. To generate human liver buds in vitro, 1 10° human iPSC- 
derived hepatic cells, 0.8 X 10° to 1 X 10° HUVECs and 2 X 10° human MSCs were 
resuspended in the mixture of EGM and hepatocyte culture medium (Cambrex) 
containing with dexamethasone (0.1 |1M, Sigma-Aldrich), oncostatin M (10 ng ml [ 
R&D System), hepatocyte growth factor (HGF; 20ngml~', PromoKine) and 
SingleQuots (Lonza) and plated on pre-solidified x2 Matrigel diluted with EGM 
(BD Biosciences) in a 24-well plate. After approximately 4 to 6 days of culture, self- 
organized human iPSC-LBs were detached, collected and transplanted into a pre- 
formed cranial window’? of an immunodeficient mouse. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Cell culture and differentiation. TkDA3 human iPSC clone used in this study 
was kindly provided by K. Eto and H. Nakauchi. Undifferentiated human iPSCs 
were maintained on the mouse embryonic fibroblast cells as feeder cells in human 
iPSC medium. For endodermal differentiation, human iPSCs were seeded on a 
Matrigel-coated dish and the medium was changed to RPMI1640 with 1% B27 
without insulin and human activin A (100 ng ml’) for 5 to 6 days. For hepatic 
specification, human iPSC-derived endodermal cells were treated further with 
RPMI1640 with 1% B27 and human basic FGF (10 ng ml '), human BMP4 (20 ng 
ml‘) for 3 to 4 days. Recombinant human activin A was kindly provided by Y. Eto 
at Ajinomoto Co. Human FLCs (CS-ABI-3716; Applied Cell Biology Research 
Institute) were plated on collagen IV-coated 6-well plates (BD Biosciences) and 
cultured in our standard medium (1:1 mixture of DMEM and F-12 (Sigma 
Aldrich) supplemented with 10% FBS (lot 7219F; ICN Biochemical), 50 mmol1™ 2 
HEPES (Wako Pure Chemical Industries), 2 mmol]! L-glutamine (Life Tech- 
nologies Corporation), 50 mmol1~' 2-mercaptoethanol (Sigma), 1 X penicillin- 
streptomycin (Life Technologies), 10 mmol 1 | nicotinamide (Sigma), 1 X 10 *M 
Dexamethasone (Sigma) and 1 pg ml | insulin (Wako)). Human recombinant 
HGF (50 ng ml!) and EGE (20 ng ml) (Sigma) were added before cultivation. 
HUVECs and human MSCs (Lonza) were maintained in endothelial growth 
medium or MSC growth medium (Lonza) at 37°C in a humidified 5% CO, 
incubator. Cryopreserved human adult hepatocytes (lots 582, 737, 746 and 
HC2-8) were purchased from XenoTech (Lenexa). Human adult hepatocytes were 
thawed, and the number of viable cells was counted according to the manufac- 
turer’s instructions and used for transplantation experiments. In vitro albumin 
production tests were performed on viable cells just after first 24h of culture. 
Retroviral transduction. For live imaging, cells were infected with retroviruses 
expressing EGFP or human Kusabira-Orange (KO1) as described’’. In brief, a 
retrovirus vector pGCDNsam IRES-EGFP or KOFP was transfected into 293 
gag/pol (gp) and 293gpg (gp and VSV-G) packaging cells (kindly provided by 
M. Onodera) in which viral particle production is induced using a tetracycline- 
inducible system. Culture supernatants of retrovirus-infected cells were passed 
through a 0.45-ym filter (Whatman, GE Healthcare) and used immediately for 
infection. KOFP displays a major absorption wavelength maximum at 548 nm 
with a slight shoulder at 515 nm and emits a bright orange fluorescence, with a 
peak at 561 nm. 

Transplantation. In vitro-generated liver buds were detached, collected and 
transplanted into a pre-formed cranial window or indicated sites of a non-obese 
diabetic/severe combined immunodeficient (NOD/SCID) mouse (Sankyo Lab. 
Co.). The in vivo fate of transplanted cells was monitored by intravital imaging 
using a fluorescence microscope (model BZ-9000; Keyence) or the Leica TCS SP5 
confocal microscope (Leica Microsystems). For survival curves, TK-NOG mice 
(body weights of approximately 20 to 30 g) were used in this study (supplied by the 
Central Institute for Experimental Animals)". Ganciclovir (50 mg kg’, intraper- 
itoneal), a drug that is not toxic to human or mouse tissues, was administered to 
induce tissue-specific ablation of transgenic liver parenchymal cells at day 7 and 
10 after a dozen human iPSC-LBs were transplanted on the mesentery. For control 
experiments, we thawed and isolated the viable human adult hepatocytes, and 
resuspended the viable cells (3 x 10° to 4 X 10°) incold medium and cold Matrigel 
(BD) and transplanted them into the kidney subcapsular space. The mice were 
bred and maintained according to the Yokohama City University institutional 
guidelines for the use of laboratory animals. 

Intravital imaging. Tail vein injections of 1% tetramethylrhodamine-conjugated dex- 
tran (2,000,000 MW), fluorescein-isothiocyanate-conjugated dextran (2,000,000 MW) 
and Texas-Red-conjugated dextran (70,000 MW, neutral) were used to identify 
vessel lumens (all from Invitrogen). Host endothelial cells were visualized using 
Alexa647-conjugated mouse-specific CD31 (BD), injected intravitally. Confocal 
image stacks were acquired for the implanted vessels and dextran. Image projec- 
tions were processed using MetaMorph Angiogenesis Module software (Molecular 
Devices). Total tubule length, the percentage of tubules per field (area of tubules 
divided by the area of the transplants that were imaged) and tube diameter were 
then logged automatically into an Excel spreadsheet. 
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Gene-expression analysis. Quantitative PCR analyses were conducted as 
described previously”. Total RNA of human fetal liver (lot no. A601605) and 
human adult liver (lot no. B308121) were obtained from Biochain Institute 
(Hayward). 

Microarray and data analysis. Total RNA was prepared from human iPSC- 
derived cells or tissues (human iPSC-LBs, human FLC-LBs), human adult liver 
tissue and CD45-negative and Terl19-negative murine liver cells at various dif- 
ferent developmental stages (E9.5, E10.5, E11.5, E13.5, E15.5, E17.5, E19.5, post- 
natal day 0 (PO), P3 and postnatal week 8) using an RNeasy Mini Kit (Qiagen). 
RNA for gene-expression profiling was hybridized on a Whole Human Genome 
Agilent 4 x 44K v2 Oligonucleotide Microarray or Whole Mouse Genome Agilent 
4X 44K v2 Oligonucleotide Microarray (Agilent Technologies) according to the 
manufacturer’s instructions. To perform cross-species comparison of expression 
profiles, 26,153 expression data at gene level were cross-referenced to other species 
using the HomoloGene IDs in the MGI curated data set of haman-mouse orthol- 
ogy with Phenotype Annotations (http://www.informatics.jax.org). To generate 
the heat map, we used a hierarchical clustering method with Euclidean distance 
complete linkage on GeneSpring11.5.1. to analyse the 83 originally selected liver 
signature gene-expression profiles. Of all genes, 83 genes were selected as liver 
signature genes because they increased continuously during both murine and 
human liver development. 

ELISA. Blood samples were allowed to clot in a centrifuge tube (approximately 
5 min) at room temperature (24 °C), loosened from the sides of the tube and kept at 
4°C (melting ice) for 20 min. Clotted blood was centrifuged for 10 to 15 min at 400g, 
4°C and the serum fraction was removed, taking care to exclude erythrocytes or 
clotted materials. Human ALB and AAT in the mouse serum samples was mea- 
sured using a Human Albumin ELISA Quantitation Kit (Bethyl Laboratories) and 
human alpha 1-antitrypsin ELISA Quantitation Kit (GenWay Biotech) according 
to the manufacturer’s instructions. 

Whole mount immunostaining. Mice were perfused with 4% paraformaldehyde 
in phosphate buffer solution (PBS) through cardiac puncture. The cover-glass 
forming the cranial window was removed, and the transplants (approximately 
300-j1m thick) were extracted and placed in 4% paraformaldehyde in PBS for 1.5h 
on ice. For immunostaining, fixed collagen gels were washed three times in PBS 
(10 min each), blocked with 3% BSA or 0.1% Triton X-100 for 1 h, incubated with 
primary antibodies at 4 °C overnight, followed by three 10-min washes in PBS or 
0.1% Triton X-100. The sample was incubated with secondary antibodies at 4 °C 
overnight, followed by three 10-min washes in PBS or 0.1% Triton X-100. Tissue 
samples were counterstained with DAPI and mounted on glass slides in mounting 
media (Vector Laboratories), under a cover slip. The following primary antibodies 
were used: mouse anti-human ZO1, mouse anti-human CD31 and rat anti-mouse 
CD31 (BD Biosciences), rabbit anti-mouse collagen IV (Millipore) and desmin 
(Dako Corporation). Immunostaining was analysed using the Leica TCS SP5 
confocal microscope. 

Tissue processing and immunostaining. Tissues were fixed overnight at 4 °C in 
4% paraformaldehyde, processed, and embedded in paraffin. Transverse sections 
(4|1m) were placed on MAS-coated slides (Matsunami) for immunostaining or 
standard histological staining with haematoxylin and eosin. Immunostaining was 
preceded by autoclave antigen retrieval in citrate buffer (pH 6.0). The primary 
antibodies were anti-human: CD31, smooth muscle actin, AFP, CK8/18 (all from 
Dako Corporation) and ALB (BD Biosciences). Tissue sections were incubated 
with secondary antibody Alexa Fluor (Life Technologies) for 1h at room temper- 
ature, followed by DAPI (Sigma) nuclear staining. The images were acquired using 
the LSM510 laser scanning microscope (Carl Zeiss). 

Statistical analysis. Data are expressed as the means = s.d. or s.e.m. from at least 
three independent experiments. Comparisons between three or four groups were 
analysed using the Wilcoxon statistical analyses or Kruskal-Wallis test by ranks, 
and post-hoc comparisons were made using the Mann-Whitney U-test with 
Bonferroni correction. Two-tailed P values of <0.05 were considered significant. 
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Attention enhances synaptic efficacy and the 
signal-to-noise ratio in neural circuits 


Farran Briggs”, George R. Mangun**° & W. Martin Usrey"*® 


Attention is a critical component of perception’. However, the 
mechanisms by which attention modulates neuronal communica- 
tion to guide behaviour are poorly understood. To elucidate the 
synaptic mechanisms of attention, we developed a sensitive assay of 
attentional modulation of neuronal communication. In alert mon- 
keys performing a visual spatial attention task, we probed thalamo- 
cortical communication by electrically stimulating neurons in the 
lateral geniculate nucleus of the thalamus while simultaneously 
recording shock-evoked responses from monosynaptically connected 
neurons in primary visual cortex. We found that attention enhances 
neuronal communication by increasing the efficacy of presynaptic 
input in driving postsynaptic responses, by increasing synchronous 
responses among ensembles of postsynaptic neurons receiving inde- 
pendent input, and by decreasing redundant signals between post- 
synaptic neurons receiving common input. The results demonstrate 
that attention finely tunes neuronal communication at the synaptic 
level by selectively altering synaptic weights, enabling enhanced 
detection of salient events in the noisy sensory environment. 

Selective attention is a powerful brain mechanism that enables 
enhanced processing of relevant information while preventing inter- 
ference from distracting events. Many studies in humans and animals 
have established that visual attention can influence sensory informa- 
tion processing in visual cortex” * and subcortical visual areas”""’. Atten- 
tion directed towards stimuli within the receptive field of a neuron in 
visual cortex generally results in increases in neuronal firing rate’*! 
and synchrony’*’*. More recent work indicates that visual attention 
can also alter the correlation structure, variability and/or response 
gain of neuronal activity'*'*'*. However, the fundamental mechani- 
sms by which visual attention alters communication in neural circuits, 
at the synaptic level, remain a mystery. Moreover, it is unclear how 
attention-mediated alterations in neuronal population activity trans- 
late into improvements in perception”. 

To elucidate the synaptic mechanisms of attention, we developed a 
sensitive electrophysiological assay of neuronal communication invol- 
ving stimulation of thalamocortical neurons in the lateral geniculate 
nucleus (LGN) of the thalamus and simultaneous recordings from 
monosynaptically connected (that is, postsynaptic) neurons in pri- 
mary visual cortex (V1) of macaque monkeys performing a spatial 
attention task. First, we tested whether visual attention alters the effi- 
cacy of synaptic communication between the LGN and V1, defined 
here as the probability that presynaptic stimulation evokes a post- 
synaptic action potential. Second, we examined whether attention alters 
both signal and noise in correlated activity among ensembles of post- 
synaptic target neurons. 

Two monkeys were trained to maintain central fixation while cover- 
tly focusing their attention on one of two drifting gratings in order to 
report a contrast change in the attended stimulus (Fig. 1). One of the 
gratings was positioned over the receptive fields of recorded neurons 
and the other was located at an equivalent eccentricity away from the 


receptive fields. Trials in which attention was directed towards (attend- 
towards condition) and away (attend-away condition) from the recep- 
tive fields of recorded neurons were organized into blocks and cued by 
the colour of the central fixation dot. In a random 5% of the trials the 
cue instruction was invalid, such that the contrast change occurred at 
the unattended location. Animals were rewarded for correct detection 
of the contrast change in validly and invalidly cued trials. Behavioural 
measures of spatial attention were derived by comparisons of accuracy 
(percentage of trials completed correctly) and reaction times in validly 
and invalidly cued trials. For both monkeys, accuracy was significantly 
greater (P < 0.03) and reaction times were significantly faster (P < 0.05; 
Fig. 1b) for validly versus invalidly cued trials, indicating that animals 
were covertly attending to the specified location. 

In each animal, we implanted stimulating electrodes in the magno- 
cellular and parvocellular layers of the LGN (Fig. 2a), so that weak 
electrical shocks applied to thalamocortical neurons in these layers 
evoked suprathreshold, short- and fixed-latency monosynaptic spikes 
in recorded (postsynaptic) thalamocortical-recipient (TCR) neurons, 
located in layer 4C of V1 (Fig. 2a, b). Importantly, stimulation levels 
were set so that stimulation evoked a postsynaptic spike in only a 
fraction of trials (Supplementary Fig. 1a). We recorded visually evoked 
activity in response to drifting sinusoidal gratings in order to charac- 
terize the physiological responses of all recorded TCR neurons. TCR 
neurons (n = 61) were grouped into those receiving input from the 
magnocellular layers and from the parvocellular layers (we refer to these 
as magnocellular-recipient (n = 36) and parvocellular-recipient (n = 25) 
populations, respectively) based on the stimulus contrast required 
to evoke a half-maximum response (Fig. 2c). Magnocellular- and 
parvocellular-recipient neurons differed across several physiological 
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Figure 1 | Attention task and behavioural performance. a, The attention 
task, including representative frames of the visual display for a validly cued trial 
in which attention was directed by cue colour (the central fixation point; red in 
this case) towards the receptive field of the neuron. Dashed black circle (middle 
frame) represents the receptive field of the recorded neuron. The timeline for 
one trial is shown at bottom; LGN shock timing is indicated schematically just 
before the contrast change (shocks occurred on 70% of trials). b, Reaction time 
data for validly versus invalidly cued trials for the two monkeys (Monkey B 
(MB), P< 0.01; Monkey O (MO), P< 0.05). Error bars represent s.e.m. 
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parameters, including orientation tuning (P < 0.001; Fig. 2c), the ratio 
of the first harmonic (f1; fundamental frequency) to mean response 
(f0; P< 0.001), and visually evoked firing rates (P < 0.05). However, 
shock efficacies (Supplementary Fig. 1a), spontaneous firing rates, and 
shock-evoked postsynaptic-response latencies (Fig. 2b) did not vary 
significantly across the magnocellular- and parvocellular-recipient 
populations, consistent with previous reports”. 

After TCR neurons were characterized physiologically, we recorded 
both visually evoked and shock-evoked neuronal responses while ani- 
mals performed the attention task. In a subset of attention trials (70%), 
a single shock was delivered to the LGN between 1,000 and 1,200 ms 
after the onset of grating presentation, always at the same phase of the 
visual stimulus cycle, and before the contrast change. Electrical stimu- 
lation did not affect performance, as there was not a significant differ- 
ence in the animals’ ability to complete shock and non-shock trials in 
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Figure 2 | Attentional modulation of thalamocortical synaptic efficacy. 

a, Experimental setup. Electrical stimulation of presynaptic LGN neurons 
(black) leads to a postsynaptic response in the simultaneously recorded TCR 
neuron (red). Shock-evoked postsynaptic spikes occur at fixed latencies with 
little temporal jitter, as illustrated by the trial-averaged waveform of a 
representative TCR neuron (right). b, Distribution of postsynaptic-response 
latencies for magnocellular- and parvocellular-recipient neurons in black 

and green, respectively (mean latency; magnocellular-recipient neurons 

= 3.4 + 0.3 ms, parvocellular-recipient neurons = 3.1 + 0.4 ms). FF, feedforward. 
c, Relationship between Cs, (contrast for half-maximum response) and 
orientation-tuning bandwidth (peak half-width, at half height) for magnocellular- 
and parvocellular-recipient neurons (R* = 0.52). Magnocellular-recipient 
neurons; Cs9 = 13.8 + 1.1%, orientation half-width = 34 + 1.8°. Parvocellular- 
recipient neurons; Cso = 49.4 + 3.4%, orientation half-width = 69 + 4.6°. Colour 
conventions as in b. d, Percentage of shock-evoked postsynaptic spikes in attend- 
towards versus attend-away conditions. Black line represents unity. Average 
efficacy (percentage of shocks that evoke a postsynaptic response): for all TCRs, 
attend towards = 36 + 3%, attend away = 28 + 3%; magnocellular-recipient 
neurons, attend towards = 37 + 4%, attend away = 29 + 4%; parvocellular- 
recipient neurons, attend towards = 35 + 5%, attend away = 28 + 5%. 

e, f, Distributionsof differences in (e) shock-evoked spike efficacy (attend-towards 
versus attend-away condition) and (f) attention-index values for magnocellular- 
and parvocellular-recipient neurons (note difference in scales). Attention index 
values calculated from firing rate 850 to 1,200 ms after onset of grating stimulation. 
Dashed lines indicate zero and red lines indicate mean values (mean difference in 
spike efficacy for magnocellular- and parvocellular-recipient TCRs = 8 + 2%; 
mean attention index magnocellular-recipient = 0.008 + 0.007, parvocellular- 
recipient = 0.006 + 0.007; colour conventions as in b.). 


the attend-towards or attend-away conditions (P > 0.5). When we 
compared thalamocortical synaptic efficacy (per cent of presynaptic 
shocks that evoked a postsynaptic spike) as a function of attention, 
we observed a highly significant increase in synaptic efficacy when 
covert spatial attention was directed towards the receptive fields of 
recorded TCR neurons compared to when attention was directed away 
from TCR receptive fields (P< 0.001; Fig. 2d). Attentional modu- 
lation of synaptic efficacy was significant for both magnocellular- 
and parvocellular-recipient neuronal populations (P < 0.001 for both). 
For the attend-away trials, it is interesting to note that the number of 
spikes occurring within the time window corresponding to the post- 
synaptic response latency did not differ between shock and non-shock 
trials (Supplementary Fig. 1b), despite the fact that shock strength was 
set to be effective in neutral conditions. This finding is consistent with 
the view that attention may also have a suppressive influence on syn- 
aptic efficacy when directed away from a neuron’s receptive field. 

The robust attentional enhancement of thalamocortical synaptic effi- 
cacy, indexed by the positive shift in shock-evoked spike efficacy across 
attention conditions (Fig. 2e), contrasts with a modest attention-mediated 
increase in neuronal firing rate (Fig. 2f; statistically significant for 
magnocellular-recipient (P < 0.025), but not parvocellular-recipient 
(P> 0.1) neurons). Interestingly, this modest increase in firing rate 
across attention conditions was only evident for later time periods 
between stimulus onset and the earliest opportunity for contrast change 
(850 to 1,200 ms and 1,000 to 1,200 ms), and was not evident over ear- 
lier or broader time periods (0 to 1,200 ms or 600 to 1,200 ms; P > 0.75; 
Supplementary Fig. 1c), consistent with previous studies showing weak 
or no attentional modulation of firing rate in V1 (refs 7, 21-24). Fur- 
ther analysis also demonstrated that there was no relationship between 
the magnitude of attention effects on firing rate and the influence of 
attention on the efficacy of thalamocortical communication (Supplemen- 
tary Fig. 1d). These results suggest that; first, attentional modulation of 
synaptic efficacy in thalamocortical circuits is not merely due to sim- 
ple gain or firing-threshold changes in LGN or TCR neurons; and 
second, that thalamocortical visual pathways may make use of a dif- 
ferent (synaptic-level) mechanism to propagate attentional signals 
compared to higher visual areas, where attentional modulation can 
be indexed by changes in neuronal firing rates. 

We explored further the temporal precision of attentional modula- 
tion of synaptic efficacy in thalamocortical circuits by examining spiking 
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Figure 3 | Temporal precision of attentional enhancement of synaptic 
efficacy. a, b, Average differential spiking activity (attend towards— 

attend away) surrounding the time of the shock-evoked postsynaptic spike 
(occurring at time = 0) for magnocellular-recipient TCR neurons (a), and 
parvocellular-recipient TCR neurons (b). Error bars represent s.e.m.; shaded 


activity over a 10-ms window surrounding the time of the shock- 
evoked postsynaptic spike (-4 ms to +6 ms). Figure 3a, b illustrates the 
population average time-course of differential spiking activity (attend 
towards—attend away) surrounding the shock-evoked postsynaptic spike 
(defined as time = 0) for magnocellular- and parvocellular-recipient 
neurons, respectively (see Supplementary Fig. 2a for separate time- 
course plots corresponding to each attention condition). In both cases, 
spiking activity rises above two standard deviations of the mean activ- 
ity for 2 to 3 ms, indicating that attention causes an increase in the 
number of synaptically evoked spikes during a limited time window. 
Notably, about 40% of TCR neurons (42% of magnocellular-recipient 
neurons, and 40% of parvocellular-recipient neurons) displayed a pro- 
minent dip in spiking activity just before the evoked spike (Fig. 3a, b 
and Supplementary Fig. 2a, b), suggesting that fast feedforward inhi- 
bition, probably via local interneurons, may suppress spiking acti- 
vity just before the occurrence of the postsynaptically evoked spike. 
Consistent with this, we found that TCR subpopulations with fast 
feedforward inhibition showed less jitter in the timing of their 
shock-evoked postsynaptic spikes (response profile = 1.75 ms for 
‘dip’ neurons versus 2.75 ms for ‘no-dip’ neurons; Fig. 3c). These results 
suggest that feedforward inhibition sharpens postsynaptic spike-timing 
precision by approximately 1ms. The presence of dips illustrates 
that attentional modulation in our sample of V1 neurons was often 
dynamic, including phases of reduced spiking as well as phases of 
increased spiking. These dynamics could help to explain why atten- 
tional modulation did not produce a larger increase in overall firing rate. 

After it was established that attention alters the efficacy of synaptic 
communication in neural circuits with fine temporal precision, we 
next set out to determine whether attention differentially affects the 
processing of signal and noise in thalamocortical circuits. Previous 
studies have provided evidence to suggest that attention may alter 
neuronal activity by increasing signal or reducing noise in firing-rate 
fluctuations”. We assessed whether attention could both boost the 
signal and reduce noise in the same circuit by examining the effects of 
attention on the occurrence of synchronized spikes between pairs of 
simultaneously recorded TCR neurons. In some circumstances, syn- 
chronized spiking may boost signal detection by driving downstream 
targets more effectively”, whereas in other cases, synchronized spik- 
ing may confound decoding by downstream target neurons through 
the introduction of noise”. Using a multi-electrode recording array, 
we recorded from 71 pairs of simultaneously recorded TCR neurons 
that fired synchronized spikes in response to electrical stimulation in 
the LGN. Our criteria for identifying synchronous postsynaptic spikes 
were strict: in any given trial, synchronous spikes needed to occur at 
the specified shock-evoked postsynaptic spike latencies for each TCR 
neuron in the pair. For each pair, we calculated the percentage of trials 
in which synchronous spikes were evoked in response to electrical stimu- 
lation in the attend-towards versus attend-away conditions. Results from 
this analysis were clear; attention significantly increased the percentage 
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regions represent 2 s.d. above and below mean activity. c, Average differential 
spiking activity of TCR neurons separated into groups on the basis of whether 
they displayed early inhibition (dip versus no-dip cells). Error bars represent 

s.e.m. Black and grey lines illustrate Gaussian fits to dip and no-dip cell data. 
Width at half height for dip cells = 1.75 ms; for no-dip cells = 2.75 ms. 


of synchronous spikes across our sample of TCR pairs (Fig. 4a, b; 
P<0.001). This effect was present for magnocellular-magnocellular, 
parvocellular—parvocellular, and magnocellular—parvocellular pairs in 
our sample (P < 0.04; Fig. 4a, b, black, green and grey symbols, respec- 
tively), suggesting that attentional modulation of spike synchrony is 
consistent across thalamocortical circuits. 

Synchronized spiking between pairs of TCR neurons could arise 
from two sources: first, the simultaneous arrival of spikes travelling 
in independent channels of communication (for example, different 
LGN axons); and second, the simultaneous arrival of spikes travelling 
in a common channel (for example, one LGN axon) with divergence. 
Although both mechanisms will propagate signal (stimulus-evoked) 
and noise spikes to their postsynaptic targets, randomly generated noise 
spikes are less likely to occur simultaneously between independent 
LGN axons than between the branches of common input LGN axons. 
Consequently, attention could increase the ratio of signal-to-noise in 
thalamocortical circuits by increasing the strength of spikes arriving 
from independent channels, and also by reducing the strength of 
spikes arriving from common-input channels. To determine whether 
pairs of TCR neurons in our sample received common LGN input, 
we calculated shuffle-corrected cross-correlograms from TCR neur- 
onal responses to drifting sinusoidal gratings. For 25 TCR pairs, cross- 
correlograms contained a single, narrow (<3 ms, full width at half 
height) peak centred at time zero, indicating that the two neurons 
frequently fired synchronous spikes in response to common feed- 
forward input (Fig. 4c). TCR pairs in our sample with zero-centred 
cross-correlogram peaks had overlapping receptive fields, consistent 
with previous studies of correlation patterns shown by visual neurons 
with common feedforward input’®. Most recorded TCR pairs consisted 
of two magnocellular-recipient neurons or two parvocellular-recipient 
neurons, consistent with the anatomical segregation of magnocellular 
and parvocellular inputs to V1. However, we also encountered pairs of 
mixed magnocellular- and parvocellular-recipient neurons. 

For TCR pairs receiving common input, we calculated the percent- 
age of synchronous spikes (that is, the percentage of spikes contained 
in the cross-correlogram peak) when attention was directed towards 
and away from the cells’ receptive fields. Results of this analysis showed 
that attention decreased the percentage of synchronous spikes from 
common input by approximately10% (see Supplementary Methods). 
Consistent with this, the distribution of differential cross-correlogram 
peak height (attend towards—attend away) was shifted significantly to 
the left of zero (P<0.01), indicating that attention decreased syn- 
chronous responses to common input (Fig. 4d). These results suggest 
that attention may decrease noise in thalamocortical communication 
by reducing the amount of synchronous spikes arising from common 
feedforward input. 

Asa final analysis, we explored whether attention differentially modu- 
lated synchronous spiking in pairs of TCR neurons receiving input from 
independent sources (that is, TCR pairs with flat cross-correlograms) 
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Figure 4 | Attentional modulation of synchronized spiking. a, The efficacy 
of shocks in evoking synchronous spikes; the percentage of synchronously 
evoked postsynaptic spikes across attention conditions for 71 pairs of 
simultaneously recorded magnocellular-magnocellular (M-M; black, n = 48), 
parvocellular—parvocellular (P-P; green, m = 11), magnocellular-parvocellular 
(M-P; grey, n = 12) TCR pairs (circles represent TCR pairs; squares 
represent putative TCR pairs). Black line represents unity. Average efficacy 
of synchronous spiking across all pairs in the attend-towards condition 

= 7.6 + 0.8%, and in the attend-away condition = 3.1 + 0.6% (orange 
diamond, cross-hairs represent s.e.m.). b, Distribution of attention-mediated 
differences in the percentage of shock-evoked synchronous spikes. Colour 
conventions as in a. Dashed line represents zero and arrow illustrates the 
population mean (+4.4 + 0.7% s.e.m.). ¢, Diagram illustrating a pair of TCR 
neurons receiving common presynaptic input and two examples of shuffle- 
corrected cross-correlograms for magnocellular-magnocellular-recipient and 
parvocellular—parvocellular-recipient pairs, illustrating the occurrence of 


compared to TCR pairs that received input from common sources 
(that is, TCR pairs with narrow, zero-centred cross-correlogram peaks). 
More specifically, we determined whether measured percentages of 
synchronous spikes differed from predicted percentages based on the 
product of the evoked postsynaptic spike probabilities measured for 
each TCR neuron in the pair (Fig. 4e). For TCR neurons receiving 
common input, the percentage of measured synchronous spikes was 
not significantly different from the prediction (P > 0.25), and there 
was no effect of attention on this relationship. However, for TCR pairs 
receiving independent input, there was a significant difference between 
actual and predicted synchronous spikes, and attention had a signifi- 
cant effect on the relationship between measured and predicted values 
(P< 0.025). These results suggest that attention differentially regu- 
lates synchronized inputs emerging from independent and common 
sources. Accordingly, attention boosts signal transmission by enhan- 
cing responses to synchronous inputs from independent sources and 
reduces noise transmission by reducing responses to synchronous 
inputs from common input sources. Based on our data, attention may 
boost signal-to-noise ratios on average by approximately 20% (see 
Methods). This finding has significant implications for understanding 
the mechanisms by which neural networks optimally encode sensory 
information in the face of potentially noisy correlations resulting from 
anatomical wiring constraints”. 

Taken together, the results of this study provide multiple insights 
into the mechanisms by which attention alters neuronal communica- 
tion. First, attention modulates signal transmission by enhancing syn- 
aptic efficacy. This finding represents the first evidence that attention 
acts at the synaptic level. Second, attention modulates afferent signal 
transmission with fine temporal precision. Third, attention serves to 
increase the ratio of signal to noise in neural circuits by simultaneously 
enhancing the transmission of signal and reducing the transmission of 
noise. These results suggest strongly that attention modulates synaptic 
inputs in a highly selective manner, such that inputs that carry salient 
sensory information (through independent channels) are enhanced 
and inputs carrying potentially redundant information (through com- 
mon channels) are suppressed. Each of these results has significant 
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synchronous spikes (narrow peaks centred at time zero) and the influence 

of attention on the percentage of synchronous spikes in attend-towards (red) 
and attend-away (blue) conditions. d, Distribution of attention-mediated 
differences in correlated spikes among pairs receiving common input 

(21 magnocellular-magnocellular, 2 parvocellular—parvocellular, and 

2 magnocellular-parvocellular pairs). Conventions as in b. Mean difference in 
spikes in peak = —0.3 + 0.2%. e, Difference between actual and predicted 
synchronous spikes for TCR pairs receiving common feedforward input (solid 
bars; n = 25) and TCR pairs receiving independent input (open bars; n = 46) 
across attention conditions. Error bars represent s.e.m.; asterisk indicates 
significant difference across attention conditions for TCR pairs receiving 
independent input (P < 0.025). Average actual — predicted values: common 
input TCR pairs, attend towards = 0.1 + 0.2%, attend away = 0.5 + 0.2%; 
independent input TCR pairs, attend towards = 0.6 + 0.3%, 

attend away = —0.1 + 0.3%. 


implications for our understanding of attentional modulation of sen- 
sory information processing. 

Attentional modulation of synaptic efficacy in thalamocortical cir- 
cuits was robust and displayed temporal precision. Attention-related 
improvements in spike-timing precision in V1 resulted in part from 
fast disynaptic feedforward inhibition. Interestingly, the temporal pre- 
cision of attentional modulation of V1 activity did not correlate strongly 
with more global changes in firing rate (represented by an attention 
index calculated from peri-stimulus spiking activity). This lack of cor- 
respondence suggests that attention alters brain activity through mul- 
tiple mechanisms, including more global alterations in neuronal firing 
rate, as well as finer-scale dynamic alterations in synaptic communi- 
cation operating at the level of individual neural circuits. Moreover, 
our results support the idea that attentional modulations involving 
fine-scale dynamics may not manifest in more global alterations in 
neuronal firing rate. At the local circuit level, this effect may serve to 
enhance spatial and temporal precision, but at the more global level, 
these effects may average out. In V1 (and other sensory cortices), atten- 
tion may make use of fine-scale dynamics to accommodate depressing 
synapses, a known property of thalamocortical afferents”. It would be 
interesting to know whether or not attention affects synaptic weights 
in higher visual cortical areas and, if so, whether the effects of attention 
on synaptic weights underlie the influence of attention on neuronal 
firing-rate dynamics. 

Our data support the idea that attention enhances sensory informa- 
tion processing directly by increasing the ratio of signal to noise in 
neural-circuit communication. Simultaneous signal enhancement and 
noise reduction in the same neural circuit suggests that attention modu- 
lates correlated synaptic activity in a highly selective manner. Select 
synaptic connections that originate from independent inputs and car- 
rying feature-specific information about a sensory stimulus are more 
strongly weighted with attention, leading to better processing of sali- 
ent stimulus features by downstream neurons. Synaptic connections 
that originate from common inputs are weighted less with attention, 
so that false positives are less likely to be communicated to down- 
stream decoding neurons. Such asymmetric synaptic weighting with 
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attention hints at a presynaptic locus for modulation, because a post- 
synaptic locus, such as altering the membrane potential threshold of 
cortical recipient neurons, would be difficult to reconcile with asym- 
metric synaptic weights. Furthermore, the finding that attention does 
not increase the overall firing rate of cortical neurons that receive direct 
LGN input indicates that the measured changes in thalamocortical 
communication are unlikely to be due to a generalized depolar- 
ization among target neurons with attention. To determine the struc- 
tural basis for presynaptic modulation is beyond the scope of the 
current study, but one possible candidate is differential modulation 
by acetylcholine. Acetylcholine has been implicated in attention effects 
in V1 (ref. 29), and a particular class of cholinergic receptors are 
localized to the presynaptic terminals of LGN axons that innervate 
cortical layer 4C neurons”’. These cholinergic synapses could therefore 
provide a route for attention to alter synaptic weights selectively. 

Feedforward subcortical—cortical and cortico—cortical connections 
often must convey information with speed and precision, but anato- 
mical wiring constraints on these connections can introduce unreliable 
information. Here we demonstrate that attention alters synaptic com- 
munication in a dynamic and highly selective manner that could be 
uniquely adapted for signal transmission in sensory cortex. Specifically, 
attention selectively enhances inputs carrying salient sensory infor- 
mation while simultaneously suppressing inputs carrying potentially 
redundant information. These findings suggest that attention could 
represent a critical mechanism by which anatomical wiring limitations 
are overcome in order to optimize communication across neural cir- 
cuits, thereby permitting the most behaviourally relevant information 
to influence perception and performance. 


METHODS SUMMARY 


Two adult female macaque monkeys (Macacca mulatta) were used for this study. 
All of the procedures carried out as a part of this study conformed to the guidelines 
set by the National Institutes of Health and were approved by the Institutional Ani- 
mal Care and Use Committee at the University of California, Davis. Under full surgi- 
cal anaesthesia, animals were implanted with head-posts and cylinders encircling 
two craniotomies over the LGN and V1. Animals learned a contrast-change detec- 
tion task requiring covert shifts in visual spatial attention. Stimulating electrodes 
were semi-chronically implanted within the LGN and recording electrodes were 
placed in retinotopically aligned regions of V1. V1 neurons monosynaptically con- 
nected to LGN inputs were identified by short, fixed-latency action potentials after 
electrical stimulation of LGN neurons. Responses of (postsynaptic) thalamocortical- 
recipient (TCR) neurons in V1 to visual stimulation during trials in which animals’ 
directed attention towards or away from drifting sinusoidal gratings placed within 
recorded neurons’ receptive fields were compared. Electrical shocks were delive- 
red to the LGN on a proportion of attention trials and the probability of a shock 
evoking a spike in TCR neurons was compared across attention conditions. Single- 
unit recordings of TCR neurons were made with single electrodes and a five-channel 
multi-electrode array. Spikes were sorted offline using principle components 
analysis. Subsequent data analyses included calculations of tuning responses in 
order to classify TCR neurons as receiving magnocellular or parvocellular LGN 
input, calculations of attention-index values, determination of shock-evoked spik- 
ing probability, and calculation of shuffle-corrected cross-correlograms for all 
simultaneously recorded pairs of TCR neurons. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Two adult female macaque monkeys (Macacca mulatta) were used for this study. 
All of the procedures performed as part of this study conformed to the guidelines 
set by the NIH and were approved by the Institutional Animal Care and Use Com- 
mittee at the University of California, Davis. 

Surgical preparation. All surgical procedures have been described in detail 
previously*'**. Under full surgical anaesthesia, two craniotomies were made to 
enable recording access to the LGN and to the parafoveal opercular region of V1. 
Two recording cylinders were placed encircling the craniotomies and incased in an 
implant of bone cement. Head-restraint posts were also attached to cranial implants. 
After recovery from surgery, cylinders were flushed with sterile saline plus providone- 
iodine (Butler Schein) or chlorhexidine at least three times per week. Treatment 
with 5-fluorouracil, and occasional dura scrapes, were performed weekly to main- 
tain thin and healthy dura for ease of electrode penetration. 

Visual stimulation. Visual stimuli were generated using a VSG/5 system (Cam- 
bridge Research Systems). Stimuli were presented on a gamma-calibrated Sony 
monitor placed 700 mm in front of animals’ eyes. The refresh rate of the monitor 
was 140 Hz and the mean luminance was 38cdm *. The monitor was the sole 
source of illumination in the room containing the animal. All stimuli were pre- 
sented under binocular viewing conditions. 

Behavioural training. Animals were trained to perform fixation and contrast- 
change detection tasks for juice rewards using standard operant conditioning. Eye 
position was monitored by an infrared video eye tracker (Applied Science Labo- 
ratories) with a refresh rate of 240 Hz. If animals’ eye positions deviated by more 
than 0.35° at any point during a task trial, the trial was aborted. Fixation tasks 
required animals to maintain central fixation on a dot while drifting gratings were 
placed within the receptive fields of recorded neurons in order to measure neuro- 
nal visual physiology. For fixation tasks, trials were interleaved with a minimum 
1-s period during which the monitor was mean luminance grey and animals were 
allowed to move their eyes freely. 

Attention task. Animals were trained to detect a contrast change in one of two 
gratings and report the change using a joystick. Fixation was maintained through- 
out the duration of the trial, including the answer window. Animals were instructed 
to attend either to a drifting sinusoidal grating presented within (attend-towards 
condition) or an identical grating presented outside (attend-away condition) the 
receptive fields of the recorded neurons (Fig. 1a). The two gratings were identical 
and set to the orientation and spatial-frequency preference of the recorded neu- 
rons, and were always placed at an equal distance from the central fixation dot. 
Attention trials were run in blocks of 10 trials of each attention condition (attend 
towards or attend away) and the colour of the central fixation dot provided a cue to 
the animals, of where to allocate their attention. Trials progressed as follows. Trials 
were separated by a minimum of 1,000-ms, during which time the luminance of 
the monitor was maintained at background levels (mean luminance grey) and the 
animals were allowed to move their eyes freely, after which the monkeys could 
initiate a new trial by moving a joystick from the centre position to a side position 
(left or right of centre). Animals were required to maintain the joystick in the side 
position throughout the duration of the trial until the answer period; premature 
joystick movements caused trials to abort. After initial movement of the joystick to 
the side, a central fixation dot was displayed, to which animals directed their gaze. 
Five-hundred milliseconds after the onset of central fixation, two gratings appeared 
on the monitor, one inside and one outside the receptive field of recorded neurons. 
The two gratings were presented for a variable amount of time, between 1,200 and 
2,500 ms, determined on a trial-by-trial basis according to a hazard function, with 
a mean at 1,700 ms. Following the period of visual stimulation by drifting gratings 
as determined by the hazard function, one of the two gratings increased in contrast 
by 10%. Both gratings remained on the monitor during a 500-ms answer window 
in which animals signalled detection of the contrast change by moving the joystick 
to the original central position. Only correct detection of the contrast change, 
indicated by a correct joystick movement, while also maintaining central gaze 
fixation throughout the answer period, was rewarded with juice. Trained animals 
typically performed with a success rate of 70% or above, discounting aborted trials. 
Trials were aborted when animals moved their eyes by more than 0.35° during any 
part of the trial or made a joystick movement before the contrast change. We 
found no significant differences in the proportion of aborted trials across attention 
conditions or across shock and non-shock trials (P > 0.5). Importantly, before the 
contrast change, visual stimulation was equal across attention conditions such 
that the only variable across conditions was the location to which the animal 
directed covert spatial attention. 

Across blocks of trials, 95% of total trials were cued validly, wherein the contrast 
change occurred at the attended location signified by the colour of the fixation dot. 
In the remaining 5% of trials, the fixation dot colour cue was invalid and the con- 
trast change occurred at the unattended location. Reaction times were measured as 
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the time between the contrast change and movement of the joystick back to the 
central position. For each animal, reaction times were compared across validly and 
invalidly cued trials. Reaction time data were computed for all sessions including at 
least 50 correct trials in each attention condition (attend towards and attend away). 
Reaction time values were: monkey B, reaction time (valid) = 363 + 5 ms, reaction 
time (invalid) = 401 + 14ms (monkey B, P< 0.01); monkey O, reaction time 
(valid) = 387 + 7 ms, reaction time (invalid) = 435 + 21 ms (monkey O, P < 0.05). 
In addition, both monkeys correctly detected grating contrast changes signifi- 
cantly more often in validly compared to invalidly cued trials (P < 0.03). 
Electrical stimulation. As described in detail previously*’”’, stimulating electro- 
des were semi-chronically implanted within parafoveal regions of the LGN. Stimula- 
ting electrodes were placed in precise retinotopic alignment with recording electrodes 
in V1, such that receptive fields of neurons at each location were within less than 
2° of one another in visual space. Single platinum or iridium stimulating electro- 
des (FHC) with less than 1 mm of tip exposure were placed within the LGN such 
that both magnocellular and parvocellular thalamocortical neuronal populations 
were activated. Placement of stimulating electrodes was guided and verified by 
recording visual responses from LGN neurons during and after implantation. 
Stimulation was generated by an isolated pulse stimulator (AM Systems) and 
included a single, brief (0.2-ms), biphasic current pulse (approximately 10 to 
200 LA) delivered once every 5s during collision testing (described below) and 
once per shock trial in the attention task (described below). 

To locate putative TCR neurons, V1 recording electrodes were advanced slowly 
while shocks were delivered at regular intervals (every 5s). TCR neurons were 
identified by the presence of short-latency (less than 6 ms) feedforward post- 
synaptic spikes in both collision and non-collision modes of stimulation, as 
described in detail previously"'**. Shock-evoked postsynaptic spike latencies were 
calculated as the time between the shock in the LGN and the postsynaptic spike. 
Magnocellular- and parvocellular-recipient neurons did not differ in their post- 
synaptic spike latencies (Fig. 2b; P > 0.5). 

Collision testing was carried out to distinguish whether or not cortical neurons 

were activated by the arrival of orthodromically or antidromically propagated 
spikes after electrical stimulation. Collision tests were performed while the animals 
performed fixation tasks, or when they were free to move their eyes and the moni- 
tor was mean luminance grey. Shock current was set so that shocks evoked spikes 
approximately 35% of the time, on average, regardless of the behavioural condition 
or stimulus display. It was important to titrate the shock current for each indivi- 
dual TCR neuron such that shock-evoked postsynaptic spikes occurred on a frac- 
tion of trials in order to avoid floor or ceiling effects in the attention experiment. In 
76 out of 80 recording sessions, shock strength was held constant across collision 
and attention testing conditions; in four sessions, shock strength was decreased for 
attention trials relative to collision trials. 
Electrical stimulation during the attention task. In 70% of attention trials, a 
single shock (parameters as above, current set per TCR neuron) was delivered 
between 1,000 and 1,200 ms after the onset of the two drifting sinusoidal stimuli 
and before the contrast change. Shocks occurred at the same time in the stimulus 
cycle for both attend-towards and attend-away trials. The precise timing of the 
shock was set to match the neuron’s peak response to the periodic stimulus. In this 
way, electrical stimulation occurred while the recorded neuron was excited (rather 
than suppressed) by the visual stimulus. Shocks were delivered towards the end of 
the visual stimulation period because animals’ reaction times decreased systema- 
tically with increasing visual stimulation duration, suggesting that animals exerted 
greater attention towards the end of each trial (data not shown). 

The efficacy of shocks in evoking postsynaptic spikes was determined for each 
TCR neuron based onall shock trials in the attention task, including attend-towards 
and attend-away trials (Supplementary Fig. 1a). Magnocellular- and parvocellular- 
recipient neurons did not differ in their shock-evoked spike efficacies (Supplemen- 
tary Fig. la; P > 0.05). 

Animals did not make voluntary or involuntary eye movements in response to 
electrical stimulation of the LGN (which would have resulted in aborted trials, as 
shocks occurred before grating-contrast changes), and electrical stimulation did 
not affect performance on the attention task. As electrical stimulation parameters 
were reduced such that the average efficacy of shock-evoked postsynaptic spikes 
was approximately 35%, and because the same proportion of trials included shocks 
in both attention conditions, it is unlikely that shocks induced visual percepts that 
interfered with animals’ behaviour or changes in neuronal responses across atten- 
tion conditions. 

Electrophysiological recordings. Recordings from V1 neurons were made using 
single platinum-in-glass electrodes (Alpha Omega) or a Mini Matrix multi-elec- 
trode array of five platinum-in-quartz electrodes (Thomas Recording). Spiking 
data were amplified and recorded by a PC equipped with a Power 1401 acquisition 
system and Spike2 software package (Cambridge Electronic Design). For each 
recording session, the first step was the identification of putative TCR neurons 
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(described above). The second step involved characterizing the visual physiology 
of recorded neurons. This was accomplished by presenting drifting sinusoidal 
gratings that varied in orientation, contrast, spatial frequency or size within the 
centre of the receptive field while animals performed the fixation task. Gratings 
were presented for 1 to 2s per trial, and trials were repeated at least two times. To 
generate response functions for orientation (0 to 360°), contrast (0 to 100%), spa- 
tial frequency (0.2 to 4 cycles per degree), and size (0.2 to 10°), individual para- 
meters were increased in 10- to 15-step increments while all other parameters were 
held constant. Once optimal stimulus parameters were determined, optimal grat- 
ings were presented for 2 s per trial, to determine the precise time (the time of peak 
response to the periodic stimulus) to deliver electrical stimulation (see above). 
Finally, neurons were recorded while animals performed the attention task. Grat- 
ings drifted at 4 Hz and were of optimal orientation, spatial frequency and appro- 
ximately two to four times the size of the receptive field to accommodate small 
shifts in eye position (less than 0.35°). Grating contrast was 70% for putative 
parvocellular-recipient neurons and between 10 and 25% for putative magnocellular- 
recipient neurons. For recording sessions in which multiple neurons were recorded 
simultaneously using the multi-electrode array, gratings parameters were set to 
stimulate the maximum number of cells as optimally as possible and grating sizes 
were set to cover the receptive fields of all recorded neurons (never greater than 2°, 
as receptive-field locations always overlapped greatly). If putative magnocellular- 
and parvocellular-recipient neurons were recorded simultaneously, grating con- 
trast was set to an intermediate value of approximately 40 to 50%. For the contrast- 
change detection portion of the attention task, contrast always increased by 10% of 
the starting contrast. 

Data analyses. All recorded spikes were sorted offline using principal compo- 
nents analysis (Spike2 software standard algorithms). Recordings were made from 
161 neurons in V1, of which 61 neurons were identified as TCR neurons based on 
responses during collision testing. Out of these 61 TCR neurons, 22 were recorded 
with single electrodes (15 from monkey B, 7 from monkey 0), and 39 were recorded 
with the multi-electrode array (30 from monkey B, 9 from monkey O). Twenty- 
nine additional neurons were classified as putative TCR neurons in multi-electrode 
recordings (21 from monkey B, 8 from monkey O) based on shock-evoked res- 
ponses during the attention task. For these neurons, shock-evoked postsynaptic 
responses were not consistent during collision testing because the shock current 
was set to accommodate the activity ofa different, identified neighbouring TCR in 
the same recording session. However, during the attention task, shocks systema- 
tically evoked postsynaptic spikes at fixed latencies consistent with monosynaptic 
responses. As TCR neurons and putative TCR neurons did not differ significan- 
tly from each other in their percentages of synchronous evoked spikes in attend- 
towards or attend-away conditions (P > 0.2), both groups of neurons were included 
in subsequent analyses of synchronized and correlated spiking across attention 
conditions (see below). Receptive fields for all recorded TCR neurons were located 
in the lower left visual hemifield at parafoveal eccentricities. There were no differ- 
ences in physiological response properties or attentional modulation of neurons 
recorded in the two monkeys, and thus, neurophysiological data from both mon- 
keys were combined for all analyses. 

TCR neurons were designated as magnocellular- or parvocellular-recipient neu- 
rons by their C59 values (contrast that evoked a half-maximum response) measured 
from exponential fits to their contrast-response functions. Magnocellular-recipient 
neurons (n = 36) were classified as neurons with Cs values of less than 30% and 
parvocellular-recipient neurons (1 = 25) were classified by Cs values of greater 
than 30%. All neurons were classified as simple or complex cells based on the ratio 
of the first Fourier coefficient (f1) to mean (f0) response, where simple cells have 
f1:f0 > 1 and complex cells have an f1:f0 <1 (ref. 33). Mean f1:f0 ratios were: 
magnocellular-recipient neurons, 0.4 + 0.04; parvocellular-recipient neurons, 
1.2 + 0.06 (P < 0.001). Subsequent analyses of firing rates for visual physiological 
characterizations and attention-index calculations were performed on the fl (sim- 
ple cells) or mean (complex cells) response of each neuron. Orientation-tuning 
bandwidth was determined by calculating the peak half-width at half-height of 
Gaussian fits to individual orientation-tuning curves. 

Firing rates were measured during inter-trial intervals and during fixation 
before the presentation of gratings during the attention task. There were no sig- 
nificant differences between magnocellular and parvocellular-recipient neurons or 
across attention conditions for these firing-rate measurements (P > 0.7). Firing 
rates were also measured during visual-stimulus presentation before the contrast 
change during attention trials. Magnocellular-recipient neurons had significantly 
higher firing rates during this period (P< 0.05; mean = 246 + 19 spikes per s) 
compared to parvocellular-recipient neurons (mean = 185 + 23 spikes per s), but 
firing rates assessed over this period for both magnocellular- and parvocellular- 
recipient neurons did not differ between attend-towards and attend-away condi- 
tions (P > 0.75). 


For all analyses involving an examination of changes in the percentage of shock- 
evoked spikes, trials were sorted according to whether or not a spike occurred at 
the specific and fixed postsynaptic spike latency for each individual TCR neuron. 
Shock-evoked postsynaptic spikes were determined using a 2-ms window aligned 
by the spike latency for the neuron under study. The proportions of shocks that 
evoked a postsynaptic spike in each attention condition were determined for each 
TCR neuron. We also calculated the proportion of non-shock trials in which a 
spike occurred at the same latency for each attention condition to allow for a 
comparison between the number of spikes within the latency window with and 
without electrical stimulation (Supplementary Fig. 1b). As expected, shocks eli- 
cited significantly more spikes at the postsynaptic response latency compared to 
the number of spikes that occurred in the same time window during non-shock 
trials for the attend-towards condition (P < 0.01). However, there were no differ- 
ences in the number of spikes that occurred at the postsynaptic response latency 
between non-shock and shock trials for the attend-away condition. 

For each TCR neuron, an attention-index value was calculated as the difference 
(attend towards—attend away) divided by the sum (attend towards + attend away) 
of average spiking activity over a specified duration of visual stimulation and 
always before the earliest opportunity for contrast change in attention trials. 
Importantly, attention-index value calculations always included the time windows 
corresponding to the shock and shock-evoked postsynaptic responses (which 
occurred between 1,000 and 1,200 ms in all trials). We calculated attention-index 
values over long and short durations of visual stimulation: 0 to 1,200 ms, 600 to 
1,200 ms, 850 to 1,200 ms, and 1,000 to 1,200 ms after the onset of grating stimu- 
lation. When we calculated attention-index values based on the firing rate over 
long durations (0 to 1,200 ms and 600 to 1,200 ms after grating presentation), we 
observed no changes in attention index across attention conditions (Supplemen- 
tary Fig. 1c). When we calculated attention index over short durations (850 to 
1,200 ms and 1,000 to 1,200 ms), we observed very small shifts in attention index 
for magnocellular-recipient neurons only. We compared attention-index values 
for short durations to spike efficacy values and observed no relationship between 
overall changes in firing rate with attention and changes in spiking efficacy with 
attention (Supplementary Fig. 1d). 

To examine the influence of attention on the temporal precision of thalamo- 
cortical communication across our sample of recorded TCR neurons, we aligned 
the ongoing spiking responses of each TCR before and after individual shocks, so 
that time = 0 corresponded to the time when the TCR neuron was expected to 
produce a shock-evoked postsynaptic response (determined from the shock-evoked 
postsynaptic latency). This allowed for averaging of spiking activity (or differential 
spiking activity: activity in attend-towards trials minus activity in attend-away 
trials) across magnocellular- and parvocellular-recipient neurons with different 
feedforward spike latencies. To assess the jitter in postsynaptic spike timing across 
attention conditions, we also plotted time courses surrounding shocks separately 
for each attention condition (Supplementary Fig. 2a). To demonstrate differential 
spiking activity for magnocellular- and parvocellular-recipient neurons, we reported 
two times the standard deviation of average spiking activity before the shock. In all 
cases, error ranges were reported as standard errors of the mean. We also separa- 
ted magnocellular- and parvocellular-recipient neurons into two subpopulations 
based on the presence of a negative dip in spiking activity just before the postsyn- 
aptic spike (15 magnocellular-recipient and 10 parvocellular-recipient neurons 
displayed negative dips). TCR neurons were classified as ‘dip’ neurons when differ- 
ential spike count values at -2 or -1 ms time points (relative to the time of the 
shock-evoked monosynaptic spike) were less than two times the standard devia- 
tion of the mean activity before the shock. There was no relationship between 
spike latency and whether or not a neuron displayed a dip (P > 0.75). Moreover, 
across the sample of dip neurons, there was a range of spike latencies, including 
latencies longer than the period of the dip, indicating that dips were not systema- 
tically a consequence of the shock-induced stimulus artefact obscuring our ability 
to detect spikes. Supplementary Fig. 2a, b illustrates spiking activity surrounding 
the postsynaptic spike for dip and no-dip TCR subpopulations (with magnocellular- 
and parvocellular-recipient groups plotted separately in Supplementary Fig. 2b). 
We fit Gaussian equations to positive peaks (corresponding to shock-evoked post- 
synaptic spikes) for dip and no-dip population average curves in order to calculate 
the width at half-height values for each fit. 

During 18 sessions (13 from monkey B, 5 from monkey O) we used a five-channel 
multi-electrode array with independently movable microelectrodes (Thomas Record- 
ing Mini-Matrix system) and recorded from 39 TCR neurons and 29 putative TCR 
neurons (see above). In 3 of the 18 sessions we recorded froma single TCR neuron. 
Sessions with paired recordings were as follows: 3 sessions with 1 pair, 1 session 
with 2 pairs, 2 sessions with 3 pairs, 1 session with 4 pairs, 1 session with 5 pairs, 
2 sessions with 6 pairs, 3 sessions with 7 pairs, and 2 sessions with 9 pairs (total = 
71 pairs across 15 sessions; mean = 3.3 cells recorded per session). Out of the total 
71 pairs, 25 received common input (that is, cross-correlograms contained a central 
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narrow peak at time = 0) and 46 received independent input. We examined all 
50 of the possible common input pairings (in both directions) and used 45 pairings 
for the analysis of attentional modulation of correlated inputs for pairs receiving 
common presynaptic input (5 pairings were excluded for lack of sufficient spikes 
and/or noisy correlograms). To determine whether recording sessions with seve- 
ral pairs did not systematically bias the results, we compared attentional modula- 
tion of correlated spikes across recording sessions with greater than 2 pairings and 
found no differences in attentional modulation of correlated spikes across sessions 
(P > 0.05). We recorded a total of 48 magnocellular-magnocellular pairs (21 recei- 
ved common input, 27 received independent input); a total of 11 parvocellular- 
parvocellular pairs (2 received common input, 9 received independent input); 
and a total of 12 magnocellular-parvocellular pairs (2 received common input, 
10 received independent input). 

We calculated the probability that shocks would evoke synchronous spikes in 
both TCR neurons across attention conditions. Importantly, our criteria for defin- 
ing synchronous spikes were strict. Trials with synchronous spikes were those 
where each TCR neuron fired a shock-evoked postsynaptic spike at its identified 
postsynaptic spike latency (n = 71 pairs). 

Cross-correlation analysis was used to determine whether pairs of TCR neurons 
received input from independent (that is, separate) LGN axons or input from com- 
mon LGN axons with presumed anatomical divergence. Cross correlations were 
calculated on a trial-by-trial basis for each of the 71 TCR pairings using spiking 
data from the 600- to 1,200-ms period of visual stimulation. Shuffled cross correla- 
tions were also calculated for each pairing by correlating spikes from neuron A shifted 
by one stimulus cycle (250 ms) compared to those of neuron B. For each trial, the 
shuffled correlogram was subtracted from the original correlogram. By employing 
trial-specific shuffle corrections, we eliminated spike correlations emerging from 
slow co-variations in neuronal firing rate** and co-activation from a common visual 
stimulus (stimulus-dependent correlations). Shuffle-subtracted correlograms 
were reported as average percentages of total spikes for each attention condition. 

Out of 71 pairs of simultaneously recorded TCR neurons, 25 pairs (17 from 
monkey B, 8 from monkey O) displayed narrow peaks (<3 ms) in their cross cor- 
relograms, centred at time zero, indicating the pair received common presynaptic 
input, presumably from feedforward axons with branches that contacted both 
neurons. In addition to magnocellular-magnocellular (n = 21) and parvocellular- 
parvocellular pairs (n = 2), we also encountered mixed magnocellular—parvocel- 
lular pairs (n = 2) receiving common input. Neurons in mixed magnocellular—parvo- 
cellular-recipient pairs were located within close proximity to one another in 
cortical depth (within 75 tm), and tended to display similar contrast sensitivity 
and/or orientation selectivity, suggesting that neurons in these mixed pairs were 
both located near the laminar border between layers 4Co and 4CB. 
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For the analysis of attentional modulation of TCR pairs receiving common 
input, we calculated the difference in peak area, measured in 3 bins of 1-ms width 
centred at time = 0, between shuffle-corrected cross-correlograms in each atten- 
tion condition. Cross-correlogram peak heights in each attentional condition corre- 
sponded to roughly 3% of total spikes (Fig. 4c) and the average attention-mediated 
reduction in peak height across all cells was -0.3 + 0.2% suggesting that attention 
caused a 10% reduction in correlated spiking resulting from divergent input from 
a common presynaptic source. 

To compare actual measured percentages of synchronous shock-evoked post- 
synaptic spikes to predicted percentages, we compared the measured incidences of 
synchronous spikes (as described above) with the product of each individual 
neuron’s probability of firing a postsynaptic spike in response to the shock (for 
example, Fig. 2d). We then calculated the difference (actual - predicted) in the 
occurrence of synchronous spikes for common input TCR pairs and independent- 
input TCR pairs across attention conditions. 

Approximation of overall attentional modulation of signal-to-noise ratio was 

calculated as: (change in percentage signal)/(change in percentage noise), which 
translates to (1 + average percentage increase in shock-evoked synchronized spikes)/ 
(1-average percentage decrease in synchronized spikes in cross-correlogram 
peaks). The average percentage increase in shock-evoked synchronized spikes = 8%, 
and average percentage decrease in synchronized spikes in cross-correlogram 
peaks = 10% for the population of recorded TCR pairs (see above). 
Statistics. Parametric or non-parametric comparisons tests (t-test or rank-sum 
test, respectively) were used for all two-sample comparisons depending on the 
distribution normality of the samples tested. To test for distribution normality, 
one-sample Kolmogorov-Smirnov tests were used. To examine whether any given 
distribution of data differed from an equivalent normal distribution, the sample 
distribution was compared to a normal distribution with the same standard devia- 
tion as the sample. Accordingly, the Kolmogorov-Smirnov test compared a sam- 
ple distribution to a proposed continuous distribution defined by the same range 
and variance parameters as the sample. 
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High frequency of functional extinctions in 


ecological networks 
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Intensified exploitation of natural populations and habitats has led 
to increased mortality rates and decreased abundances of many 
species'”. There is a growing concern that this might cause critical 
abundance thresholds of species to be crossed’*°, with extinction 
cascades and state shifts in ecosystems as a consequence**’. When 
increased mortality rate and decreased abundance of a given species 
lead to extinction of other species, this species can be characterized 
as functionally extinct even though it still exists. Although such 
functional extinctions have been observed in some ecosystems***, 
their frequency is largely unknown. Here we use a new modelling 
approach to explore the frequency and pattern of functional extinc- 
tions in ecological networks. Specifically, we analytically derive crit- 
ical abundance thresholds of species by increasing their mortality 
rates until an extinction occurs in the network. Applying this 
approach on natural and theoretical food webs, we show that the 
species most likely to go extinct first is not the one whose mortality 
rate is increased but instead another species. Indeed, up to 80% of all 
first extinctions are of another species, suggesting that a species’ 
ecological functionality is often lost before its own existence is 
threatened. Furthermore, we find that large-bodied species at the 
top of the food chains can only be exposed to small increases in 
mortality rate and small decreases in abundance before going func- 
tionally extinct compared to small-bodied species lower in the food 
chains. These results illustrate the potential importance of func- 
tional extinctions in ecological networks and lend strong support 
to arguments advocating a more community-oriented approach in 
conservation biology, with target levels for populations based on 
ecological functionality rather than on mere persistence®”’. 

Recent research points to the importance of maintaining popula- 
tions at ecologically effective sizes, that is, population sizes large 
enough to maintain critical interactions and hence ensure the func- 
tionality and stability of ecological communities**”. An ecologically 
effective population size (EEP) of a species can be defined as the popu- 
lation size below which one or more other species in the ecological 
community go extinct. Thus, a species can be said to go ecologically or 
functionally extinct when its population has fallen below this size. 
More precisely, we here define functional extinction in the following 
way: a focal species goes functionally extinct when a reduction in its 
population size—caused by an increased mortality rate—leads to the 
extinction of another species in the community (see Supplementary 
Fig. 1 for an illustrative example). The strong evidence of trophic 
cascades and regime shifts in a wide variety of ecosystems following 
the reduction in population size of a species**”'*-'* clearly indicate that 
functional population size thresholds are present in many ecosystems. 
However, which species are most likely to go functionally extinct and if 
density thresholds differ among species depending on their traits 
remains unexplored. Here we present an analytical method of deriving 
EEPs for species in ecological communities. The EEP of a species is 
found by increasing its mortality rate until an extinction occurs in the 
community (see Methods). 

We apply this analytical method to derive EEPs of species in eight 
natural food webs (Supplementary Table 2) and in sequentially 


assembled model food webs. Model webs were generated by relating 
parameter values to the average body mass of species and letting 
dynamical constraints act during the web build-up (Supplementary 
Methods, Supplementary Table 1 and Supplementary Fig. 9). Using 
this approach, the binary network of who eats whom (the network 
topology) is an outcome of the dynamical assembly process rather than 
being pre-set before adding dynamics. The topology as well as the 
mass-abundance slope (log abundance as a function of log average 
body mass) in these model food webs is within the ranges observed 
for real food webs (Supplementary Figs 2 and 3). Models of natural 
food webs were parameterised using allometric relationships and, 
where available, data from gut analysis'® (Supplementary Methods). 
For each food web we record the identity of the focal species (the 
species whose mortality rate is increased) and the extinct species at 
the analytically calculated functional extinction thresholds (EEP). 
These data are used to investigate (1) the topological relationship 
between the focal species and the extinct species; (2) how different 
species characteristics affect the probability that a species goes func- 
tionally rather than numerically extinct (that is, the probability that 
increased mortality rate of a species leads to extinction of another 
species rather than of the species itself); (3) what determines a species 
ecologically functional population size. 
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Figure 1 | Increased mortality rate of a species most often leads to extinction 
of another species. a, b, Proportion of extinctions affecting focal species 
(black), directly (grey) and indirectly (white) linked species in theoretical food 
webs (a) and natural food webs (b). Focal species belong to one of the following 
trophic groups: basal species (primary producers); herbivores (species feeding 
only on primary producers); intermediate species (consumers that are neither 
top nor herbivore species) or top species (species that are not consumed). 

c, Picture illustrating the extinction outcome categories in a and b. Sample sizes 
are given above columns. 


1Linkdping University, Department of Physics, Chemistry and Biology, Division of Theoretical Biology, SE—58183 Linképing, Sweden. 
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We find that there is a high probability—on average 0.49 for the 
natural food webs and 0.72 for the model webs—that the species to be 
the first to go extinct is not the one whose mortality rate is increased 
but instead some other species in the food web (Fig. 1, Supplementary 
Figs 1 and 4). There is variation in the frequency of functional extinc- 
tions across the natural food webs (31.8% —80.3%), but no clear effects 
of habitat type (Supplementary Fig. 4). High frequency of functional 
extinctions also occurs in model food webs with nonlinear functional 
responses of consumers, demonstrating the robustness of the pattern 
(Supplementary Fig. 5). Furthermore, functional extinctions occur at 
all trophic levels (Fig. 1, Supplementary Figs 1, 4 and 7), demonstrating 
that both top-down and bottom-up processes are important. A rela- 
tively high proportion of all first extinctions are of species that are not 
directly linked to the species whose mortality rate was increased and 
population density decreased (Fig. 1), that is, the extinct species is 
neither a consumer of nor consumed by the focal species. Recent 
theoretical studies suggest that the effect of extinction ofa given species 
on another species depends on the trophic distance between them'””*. 
In highly connected ecological networks, species going secondarily 
extinct were often more than one link away from the initially lost 
species'*, consistent with our results. 

Critical density thresholds of species, set by direct and indirect 
interactions among species, have been documented in real food webs. 
For instance, a recent study found strong evidence of an ecologically 
effective population size for sea otters, below which sea urchins burst in 
density due to released predation pressure from the otters, which in 
turn led to overexploitation of kelp by the sea urchins and accompany- 
ing impoverishment and collapse of the kelp-forest ecosystem*. 
Examples like the kelp-forest food web have led several researchers 
to argue that target population sizes should be set based on ecological 
criteria and not merely on demographic criteria’””®. In light of this, it 
might be interesting to set our functional extinction thresholds in 
relation to the threat categories in the International Union for 
Conservation of Nature (IUCN) red list for threatened species’. For 
instance, a density reduction of over 30% over a period of three gene- 
rations would categorize a species as ‘Vulnerable’ according to IUCN 
definitions. We find that, on average, 26.1% of the species in the 
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Figure 2 | Functional extinction is more likely than numerical extinction in 
species with large biomass. The probability that the extinction of a species is 
functional (rather than numerical) plotted against the biomass of the species, 
for species in different trophic groups. Symbols represent means for binned 
data and lines represent model predictions based on a logistic mixed effect 
model (Supplementary Methods and Supplementary Table 6). Each bin 
contains 10% of the observations ranked according to species biomass, for each 
trophic group. Sample size n = 5,000. 
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natural webs and 54.0% of the species in the model food webs go 
functionally extinct even before losing 30% of their individuals, thus 
indicating that species might often go functionally extinct long before 
being recognized as threatened. 

To identify which species are more likely to go functionally than 
numerically extinct, a large number of species traits (Supplementary 
Tables 3, 4 and 5) were analysed. Of these traits species equilibrium 
biomass and trophic level (trophic group) were identified as major 
predictors of functional extinction in a classification tree analysis of 
the theoretical webs (Supplementary Fig. 6). We also fitted a logistic 
mixed effect model with species equilibrium biomass and trophic 
group as predictors (see Supplementary Methods). Both analyses show 
that the probability that a species will go functionally rather than 
numerically extinct is positively related to the equilibrium biomass 
of the species, with an additional effect of its trophic group belonging 
(Fig. 2, Supplementary Fig. 6 and Supplementary Table 6). A positive 
relationship between the biomass of a species and the probability of 
functional rather than numerical extinction is also present in the natu- 
ral food webs (except for the Celtic Sea food web where no significant 
relationship was found, Supplementary Table 7). 

We find that the reduction in abundance of a species needed to 
cause extinction of another species is strongly and inversely related 
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Figure 3 | Species at the top of food webs can only lose few individuals and 
sustain small extra mortality rates before going functionally extinct. 

a, Decrease in abundance of a species needed to cause extinction of another 
species in the web as a function of the body mass of the species. Blue and black 
lines are predictions based on linear mixed effect models for basal (n = 837) 
and consumer (n = 2,670) species, respectively (Supplementary Methods and 
Supplementary Table 8). b, Boxplots showing the amount () by which 
mortality rate was increased in species that went numerically (N) and 
functionally (F) extinct, respectively, for species in different trophic groups. 
Bottom and top of boxes are the first and third quartiles (Q1 and Q3), 
respectively, and the line within boxes is the median (second quartile, Q2); 
lower and upper whiskers are max (Q1 — 1.5 X IQR, min(¢)) and min 

(Q3 + 1.5 X IQR, max(é)), respectively (IQR is interquartile range). Sample 
sizes are given adjacent to boxplots. 
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to its body mass (Fig. 3a and Supplementary Table 8). Turning to 
mortality, we find that the increase in mortality rate of a species needed 
to cause extinction of another species in the food web decreases with 
increasing trophic height and body mass of the species (Fig. 3b and 
Supplementary Fig. 8). Thus, for large-bodied species even a compar- 
ably small increase in their mortality rate can lead to the extinction of 
another species in the food web. Furthermore, comparing functionally 
and numerically extinct species, we find that the increase in mortality 
rate causing functional extinction of species is approximately the same 
as that causing numerical extinction of species (Fig. 3b and Sup- 
plementary Fig. 8). 

We have here focused on deriving functional extinction thresholds 
of species. Once the functional extinction threshold is crossed and a 
species is lost from the food web, the system might lose its stability. In 
the worst case the loss of the first species might trigger an extinction 
cascade*"*”°4, Preliminary results indicate that this risk might be 
substantial: we find that 53.5% of all functional extinctions have led 
to model food webs that are locally unstable. For the natural webs the 
corresponding figure is, on average, 53.7%. This indicates that rela- 
tively small changes in the mortality rates of species can have even 
larger effects than what we report here. To conclude, our study demon- 
strates the potential importance of functional extinctions in ecological 
networks and lends strong support to arguments put forward for a 
more system-oriented approach when setting target levels for popula- 
tions of species in various ecosystems”. 


METHODS SUMMARY 


We generated feasible and locally stable model food webs, each with 50 interacting 
species, using a sequential assembly approach’? (Supplementary Methods, 
Supplementary Table 1 and Supplementary Fig. 9). Eight natural food webs are 
also included in the analysis (Supplementary Table 2). Food web dynamics are 
described by a generalized Lotka-Volterra model and model parameters are 
derived from body sizes of species using allometric relationships and, where avail- 
able, data from gut analysis'® (see also Supplementary Methods). 

To identify which species are more likely to go functionally than numerically 
extinct following an increased mortality rate, we use a classification tree analysis 
and a generalized linear mixed effect model (GLMM). The classification tree 
analysis” is used to identify the most important predictors (species traits) among 
a large number of predictors (described in Supplementary Tables 2, 3 & 4). A 
GLMM” is then used for a detailed statistical analysis of the most important 
predictors where we account for the clustered nature of data (clustered within 
food webs). 

EEPs were analytically derived for each species within each food web (see 
Methods section). We investigate patterns of EEPs using data for species in which 
added mortality leads to extinction of another species in the food web rather than 
an extinction of the species itself. The number of individuals that can be lost in a 
species before it goes functionally extinct is analysed using a linear mixed effect 
model (LMM) with species body mass as covariate. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Study systems—natural and theoretical food webs. We generated 100 feasible 
and locally stable model food webs, each with 50 interacting species, using a 
sequential assembly approach” (Supplementary Methods, Supplementary Table 
1 and Supplementary Fig. 9). Eight natural food webs are also included in the 
analysis (Supplementary Table 2). Food web dynamics are described by a genera- 
lized Lotka-Volterra model and model parameters are derived from body sizes of 
species using allometric relationships and, if available, data from gut analysis'® (see 
also Supplementary Methods). 

Analytical derivation of ecologically effective population sizes (EEP). Consider 
an ecological network with S interacting species whose dynamics are described by 


a generalized Lotka-Volterra model”*”’: 
dN 
— =N(r+ AN) (1) 


where dN/dt is a vector consisting of the rate of change in the density of each 
species, N is a column vector consisting of the density of each species (N; is the 
density of species i), r is a vector consisting of the intrinsic growth rate of each of 
the species and A is the interaction matrix whose elements are the per capita 
interaction strengths among species in the network. The interior equilibrium point 


of the system, N, is given by: 
N=—A'!r (2) 


where A! is the inverse interaction matrix. 

Now, because of interactions among species, an increase in the mortality rate 
of one species could have an effect on more than just the species itself'®°°’. 
To investigate these effects we increase the mortality rate of a species up to the 
point where an extinction occurs in the ecological network. To increase the mor- 
tality rate, we simply decrease the intrinsic growth rate. For each species j, we take 
the new intrinsic growth rate as r’; = rj — 6 where ¢; is the smallest amount by 
which the intrinsic growth rate can be decreased before some species in the 
network becomes extinct. The new equilibrium densities of the species are then 
given by: 


N’=—A7!(r—g)e;) (3) 


where e; is a column vector with a 1 in the jth row and zero elsewhere. The new 
equilibrium density of species i (after an increase in the mortality rate of species j) 


can then be written as: 


Ni =Ni + Ei (4) 


where Viz is the (i,j)th element of Al. Setting N; =0 in equation (4) gives 
a (= —Ni/ yj. We wish to find the smallest positive ¢; for each species j. To do 
this we simply calculate ¢((i) for all species i and find the minimum positive value: 


6 =min;(¢;(i) : ¢;(i) > 0) (5) 


This value is the minimum amount by which we can increase the mortality rate 
of species j before some species in the network becomes extinct. Following an 
increase in the mortality rate of species j, we can calculate a new population size for 
species j. This new population size can be thought of as a measure of the EEP of the 
species, as it is the abundance of species j at the point where an extinction occurs in 
the network due to a change in its mortality rate: 


Nj (EEP) = Nj +8); (6) 


where y;; is the (j, j)th element of Al 

Statistical analysis. To identify which species are more likely to go functionally 
than numerically extinct when exposed to an increased mortality rate, we use a 
classification tree analysis and a generalized linear mixed effect model (GLMM). 
The classification tree analysis” is used to identify the most important predictors 
(species traits) among a large number of predictors (described in Supplementary 
Tables 2, 3 and 4). A GLMM” was then used for a detailed statistical analysis of the 
most important predictors where we account for the clustered nature of data 
(clustered within food webs). 

We investigate patterns in ecologically effective population sizes of different 
species using data for species where increased mortality leads to extinction of 
another species in the food web rather than an extinction of the species itself. In 
a few cases (3.0% of all cases in theoretical food webs and, on average, 2.0% of all 
cases in the natural food webs) increased mortality rate of a species leads to 
increased abundance of the species itself—these cases are not included in the 
analysis. The number of individuals that can be lost in a species before it goes 
functionally extinct is analysed using a linear mixed effect model (LMM) with 
species body mass as covariate. 
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CORRIGENDUM 
doi:10.1038/naturel2288 


Corrigendum: Metabolomic 
profiles delineate potential role for 
sarcosine in prostate cancer 
progression 


Arun Sreekumar, Laila M. Poisson, 

Thekkelnaycke M. Rajendiran, Amjad P. Khan, Qi Cao, 
Jindan Yu, Bharathi Laxman, Rohit Mehra, Robert J. Lonigro, 
Yong Li, Mukesh K. Nyati, Aarif Ahsan, 

Shanker Kalyana-Sundaram, Bo Han, Xuhong Cao, 

Jaeman Byun, Gilbert S. Omenn, Debashis Ghosh, 
Subramaniam Pennathur, Danny C. Alexander, Alvin Berger, 
Jeffrey R. Shuster, John T. Wei, Sooryanarayana Varambally, 
Christopher Beecher & Arul M. Chinnaiyan 


Nature 457, 910-914 (2009); doi:10.1038/natureO7 762 


In Fig. 4b of this Article, a typographical error was made in reporting 
sarcosine levels in the DU145 cell line represented. The y axis values 
should be in the scale of 0-50pmoles per 10° cells, rather than 
0-500 pmoles per 10° cells. This error has been verified and does 
not affect the conclusion of the paper. The correct graph is shown 
below in Fig. 1. The authors would like to apologize for any confusion 
the error may have caused. 


@ Sarcosine concentration 
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Figure 1 | This is the corrected Fig. 4b of the original Article. 
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mTORCI1 couples immune signals and metabolic 
programming to establish T,.,.-cell function 


Hu Zeng’, Kai Yang', Caryn Cloer', Geoffrey Neale”, Peter Vogel? & Hongbo Chi! 


The mechanistic target of rapamycin (mTOR) pathway integrates 
diverse environmental inputs, including immune signals and meta- 
bolic cues, to direct T-cell fate decisions’. The activation of mTOR, 
which is the catalytic subunit of the mTORC1 and mTORC2 com- 
plexes, delivers an obligatory signal for the proper activation and dif- 
ferentiation of effector CD4* T cells®*, whereas in the regulatory T-cell 
(Tyeg) compartment, the Akt-mTOR axis is widely acknowledged as a 
crucial negative regulator of T,.,-cell de novo differentiation** and 
population expansion’. However, whether mTOR signalling affects the 
homeostasis and function of T,., cells remains largely unexplored. 
Here we show that mTORC1 signalling is a pivotal positive determin- 
ant of T;..-cell function in mice. T,. cells have elevated steady-state 
mTORC]1 activity compared to naive T cells. Signals through the T-cell 
antigen receptor (TCR) and interleukin-2 (IL-2) provide major inputs 
for mTORC1 activation, which in turn programs the suppressive func- 
tion of T,.g cells. Disruption of mTORC1 through T,..-specific dele- 
tion of the essential component raptor leads to a profound loss of T,e,- 
cell suppressive activity in vivo and the development of a fatal early 
onset inflammatory disorder. Mechanistically, raptor/mTORC1 sig- 
nalling in T,.g cells promotes cholesterol and lipid metabolism, with 
the mevalonate pathway particularly important for coordinating T,.9- 
cell proliferation and upregulation of the suppressive molecules 
CTLA4 and ICOS to establish T,.,-cell functional competency. By 


contrast, mTORC1 does not directly affect the expression of Foxp3 
or anti- and pro-inflammatory cytokines in T,,g cells, suggesting a non- 
conventional mechanism for T,,,-cell functional regulation. Finally, 
we provide evidence that mTORC]1 maintains T,,-.-cell function partly 
through inhibiting the mTORC2 pathway. Our results demonstrate 
that mTORCI acts as a fundamental ‘rheostat’ in T,,, cells to link 
immunological signals from TCR and IL-2 to lipogenic pathways 
and functional fitness, and highlight a central role of metabolic pro- 
gramming of T,..-cell suppressive activity in immune homeostasis and 
tolerance. 

The evolutionarily conserved mTOR signalling pathway couples cell 
growth and proliferation to nutrient availability and metabolic cues"®. 
To investigate the function of mTORC1 in naturally occurring T,eg 
cells, we compared mTORC1 activity between Tyeg cells and naive T 
cells at steady state. T,eg cells had relatively increased phosphorylation 
of S6 and 4E-BP1, two major mTORC1 downstream targets (Fig. la 
and Supplementary Fig. la—c), whereas STATS phosphorylation was 
similar in both sets of cells (Supplementary Fig. 1d). This finding is 
consistent with a recent study describing elevated S6 phosphorylation 
in Tyeg cells compared with non-T, eg cells’’. Tyeg cells also contained a 
higher abundance of CD71 (the transferrin receptor) and, to a lesser 
extent, CD98 (a subunit of the L-amino acid transporter), key nutrient 
receptors that depend on mTORCI activity for expression’* (Fig. 1b). 
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Figure 1 | mTORCI signalling is constitutively active in T,<g cells and its 
disruption results in a fatal early onset inflammatory disorder. 

a, Comparison of phosphorylation (p) of S6 and 4E-BP1 between naive T cells 
(CD4* CD44'°Foxp3_) and Ty eg cells (CD4* Foxp3"; from Foxp3\?? “Cre mice). 
b, Comparison of CD71 and CD98 expression between naive T cells and T,eg 
cells. a, b, Mean fluorescent intensity (MFI) is presented above the plots. c, Treg 
cells from C57BL/6J mice were activated with anti-CD3 or anti-CD3 and IL-2 
for 3 days, washed and then used for in vitro suppression assays at multiple Tyeg 
versus T- ratios; freshly isolated T,.g cells were included for comparison 
(shown only for 1:4 and 1:8 ratios). Error bars represent standard deviation 


(s.d.) (n = 3). d, Comparison of phosphorylation of S6 and 4E-BP1 and 
expression of CTLA4 and ICOS between freshly isolated and pre-activated Tye 
cells. MFI is presented above the plots. e, Images of 42-day-old wild-type (WT) 
and Foxp3’Rptor" mice. Arrows indicate the scaly tail and ulceration of the 
body. f, Haematoxylin and eosin staining of colon (original magnification, 
X20), lung (40), liver (X20) and skin (20) from 21-day-old wild-type and 
Foxp3’Rptor" mice. g, IFN-y, IL-17 and IL-4 production in CD4* cells and 
IFN-y production in CD8* cells from wild-type and Foxp3’Rptor™" mice. 
P values are determined by Mann-Whitney test. **P < 0.01. Results represent 
five (a, g), three (b) and two (c-f) independent experiments. 


‘Department of Immunology, St Jude Children’s Research Hospital, Memphis, Tennessee 38105, USA. *Hartwell Center for Bioinformatics and Biotechnology, St Jude Children’s Research Hospital, 
Memphis, Tennessee 38105, USA. ?Department of Pathology, St Jude Children’s Research Hospital, Memphis, Tennessee 38105, USA. 
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Figure 2 | Raptor deletion abrogates T,.,-cell suppressive activity. a, Foxp3- 
YFP and green fluorescent protein (GFP) expression in CD4* T cells from 25- 
day-old Foxp3*Rptor*'* ROSA26“"” and Foxp3**Rptor™"ROSA26“*? mice. 
b, Representative colon histology in RagI~~ mice given T.¢ cells alone or in 
combination with wild-type (WT) or Foxp3*Rptor™" Tyeq cells (original 
magnification, X20). c, Percentages of T;eg cells in mixed chimaeras 
reconstituted with bone marrow cells from CD45.1* mice and wild-type or 
Foxp3’Rptor” mice (n = 3). MLN, mesenteric lymph nodes; PLN, peripheral 
lymph nodes. d, Expression of T;eg signature molecules and mitochondrial 
membrane potential (tetramethylrhodamine methyl ester (TMRM)) and mass 


Previous studies have demonstrated a requirement of mTORC1 for 
mitochondrial metabolism”’, the dysregulation of which could affect 
the homeostasis of memory T cells'* and haematopoietic stem cells’”. 
Treg Cells had reduced mitochondrial membrane potential, whereas 
their mitochondrial mass and reactive oxygen species (ROS) produc- 
tion were largely comparable to naive cells (Supplementary Fig. le). 
Thus, Tyeg cells exhibit distinct regulation of mTORC1 activity and 
metabolism under steady-state conditions. 

One of the hallmarks of Teg cells is that they are anergic in vitro 
on TCR stimulation alone’®, but are highly proliferative in vivo'”’’. 
Whereas reversal of anergy has been suggested to impair T,.. function”®, 
Treg Cells stimulated by TCR together with IL-2, or under lymphopenic 
conditions, possess enhanced suppressive activity'*’’. Indeed, prior 
stimulation of T,eg cells with anti-CD3 upregulated their suppressive 
activity, and this was further enhanced by concomitant treatment with 
IL-2 (Fig. 1c). Such functional enhancements were associated with 
increased mTORCI activity and expression of CTLA4 and ICOS, 
important effector molecules mediating T,eg function’’” (Fig. 1d). 
Compared with IL-2, CD28-mediated co-stimulation had more mod- 
est enhancing effects on these events (Supplementary Fig. 1f, g). Thus, 
TCR and IL-2 are the predominant signals that promote mTORC1 
activity and the suppressive function of T,eg cells. 

Although these results indicate that mTORC1 is positively corre- 
lated with T,-, suppressive activity, a number of recent studies have 
revealed a negative role of mTORC1 in Tyeg cells, including in the 
suppression of Tye, differentiation”** and population expansion’. To 
establish the physiological relevance of mTORC1 signalling in Treg 
cells, we deleted raptor, an obligatory component of the mTORC1 
complex"®, in T,¢g cells by crossing Rptor'" mice with Foxp3\'? “ mice” 
(designated Foxp3”°Rptor™"). Raptor expression and $6 and 4E-BP1 
phosphorylation were abolished in raptor-deficient Teg cells, but were 
normal in Foxp3 populations (Supplementary Fig. 2a—c). Additionally, 
a slight increase of phosphorylation of Akt Ser 473 was observed in 
mutant T,.g cells, whereas phosphorylation of Akt Thr 308 and Erk in 
Treg Cells was not affected (Supplementary Fig. 2d). Thus, deletion of 
raptor specifically abrogated mTORC1 activity. 
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(MitoTracker) in the reconstituted chimaeras. e, Expression of Tyeg signature 
molecules in 6-week-old wild-type and Cd4’Rptor'" mice. f, In vitro 
suppression assays mediated by T,eg cells from wild-type and Cd4"°Rptor!" 
mice. Error bars represent s.d. (1 = 3). g, Representative colon histology in 
Ragl ~~ mice given Te cells alone or in combination with wild-type or 
Cd4""*Rptor™ Treg cells (original magnification, X20). P values are determined 
by Mann-Whitney test (c) or t-test (f). *P < 0.05; **P < 0.01; ***P < 0.001. 
Results represent three (a, d, f), two (b, c, g) and five (e) independent 
experiments. 


Surprisingly, Foxp3°Rptor" mice developed profound inflam- 
matory diseases, indicated by a reduced body size and hunched pos- 
ture, crusting of ears, eyelids and tail, and skin ulceration particularly 
on the head and upper back (Fig. le). Foxp3°Rptor" mice showed 
extensive lymphadenopathy (Supplementary Fig. 3a) and infiltrations 
of lymphocytes and myeloid cells in colon mucosa, lung, liver sinu- 
soids and skin (Fig. 1f), among other organs, before they died at a 
young age (Supplementary Fig. 3b). Foxp3’Rptor™" mice had an 
increased CD8" -cell percentage and altered CD4*/CD8* ratio, highly 
elevated memory/effector phenotype (CD44"'CD62L") T cells, and 
expansion of CD11b* granulocytes and macrophages (Supplemen- 
tary Fig. 3c-e). Furthermore, T cells from Foxp3”*Rptor" mice showed 
increased interferon (IFN)-y-, IL-4- and IL-17-producing CD4* cells 
and IFN-y-producing CD8™ cells (Fig. 1g). These phenotypes are 
reminiscent of those observed in mice carrying the scurfy mutation”, 
indicating a loss of Teg function. 

Despite developing severe autoimmune diseases, Foxp3*Rptor™" mice 
had increased numbers of Foxp3* Treg cells (Supplementary Fig. 4a). 
Lineage-tracing experiments indicated that the increase of T;eg cells was 
mainly ascribed to a more abundant population of canonical Teg cells, as 
indicated by concomitant expression of yellow fluorescent protein (YFP)- 
tagged Foxp3 and specific Cre activity (Fig. 2a). Raptor-deficient T,.¢ cells 
had normal Foxp3 expression and either increased or normal expression 
of many Tyeg signature molecules examined, whereas CD62L expression 
was reduced (Supplementary Fig. 4b). Thus, in settings of immune activa- 
tion, raptor-deficient Teg cells acquired activated phenotypes. Additional 
analysis revealed highly reduced mitochondrial membrane potential and 
mass, and ROS production, in mutant Treg cells, whereas in vitro sup- 
pressive activity seemed to be largely undisturbed (Supplementary Fig. 4b, 
c). To test the function of raptor-deficient Tc cells in vivo, we used a 
model of colitis induced by the transfer of pathogenic effector T cells (Teg 
CD4*CD45RB™CD25_ ) into RagI’ hosts, which could be prevented by 
cotransfer with wild-type Tyg cells. However, cotransfer with raptor- 
deficient T,., cells failed to inhibit colitis (Fig. 2b), or the expansion 
and IFN-y production of Te cells (Supplementary Fig. 4d). Therefore, 
raptor is required for the suppressive function of Tyeg cells in vivo. 
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Figure 3 | Raptor coordinates T,.,-cell proliferation and effector molecule 
expression by orchestrating cholesterol/lipid biosynthetic metabolism, 
especially the mevalonate pathway. a, Carboxyfluorescein diacetate 
succinimidyl ester (CFSE)-labelled T,.g cells from wild-type (WT) and 
cd4"*Rptor" mice were stimulated with anti-CD3, anti-CD28 and IL-2 for 3 
days, followed by analysis for CFSE dilution and CTLA4 and ICOS expression 
(MFI presented above the plots). b, Celltrace violet-labelled Teg cells from wild- 
type and Foxp3°*Rptor™" mice were transferred into unmanipulated CD45.1* 
mice, and Celltrace violet dilution and CTLA4 expression were analysed 7 days 
later. c, Gene-set enrichment analysis revealed the underrepresentation of 
cholesterol biosynthesis genes in raptor-deficient T,., cells. The lower part of 
the plot shows the distribution of the genes in the cholesterol biosynthesis 


We speculated that the increased number and heightened activation 
phenotypes of T,.g cells in Foxp3’Rptor™" mice could be due to a 
compensatory response to the continuing inflammation”. To test this, 
we generated mixed bone marrow chimaeras by reconstituting sub- 
lethally irradiated RagI~ mice with bone marrow cells from CD45.1* 
mice mixed with those from either wild-type or Foxp3”*Rptor™" mice. 
Raptor-deficient T,., cells were underrepresented in the chimaeras 
(Fig. 2c), with impaired expression of CTLA4 and ICOS but largely 
normal CD25 levels and mitochondrial parameters (Fig. 2d). These 
findings were recapitulated in 10-day-old Foxp3’Rptor”" mice, which 
exhibited minimal immune activation (Supplementary Fig. 4e). Thus, 
ina disease-free environment, loss of raptor in T, eg cells renders them at 
a competitive disadvantage and compromises the expression of CTLA4 
and ICOS. By contrast, the pronounced mitochondrial defects in Treg 
cells from Foxp3”’Rptor”" mice (Supplementary Fig. 4b) were not 
intrinsically due to raptor deficiency, but were probably a compensatory 
response, as observed in haematopoietic stem cells lacking the meta- 
bolic sensor LKB] (ref. 15). 

To facilitate mechanistic studies of raptor-deficient T,.g cells with- 
out the influence of continuing inflammation, we generated Cd4- 
Cre;Rptor™ fl (Cd4"’Rptor" “) mice, in which raptor was deleted in all 
af T cells. Cd4"’Rptor" mice showed a small reduction of T,., num- 
bers in peripheral lymph nodes but not the spleen (Supplementary 
Fig. 5a), and immunoblots confirmed the loss of S6 and 4E-BP1 
phosphorylation in these Teg cells (Supplementary Fig. 5b). Expres- 
sion of CTLA4, ICOS and CD71 was impaired in Te, cells from 
Cd4*Rptor" mice, whereas the levels of Foxp3, CD25 and other 
markers were normal (Fig. 2e and Supplementary Fig. 5c). In vitro 
assays revealed a loss of the suppressive activity of Tye cells from 
Cd4"*Rptor" 1 mice (Fig. 2f). These Tye, cells also exhibited severely 
impaired in vivo suppressive activity, because they failed to suppress 
colitis or IFN-y production mediated by Teg cells (Fig. 2g and 
Supplementary Fig. 5d). Analysis of mixed chimaeras composed of 
CD45.1* and Cd4’Rptor" cells confirmed that raptor-deficient 
Treg cells were reduced as a percentage of total CD4* T cells with 
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signature gene set (‘Hits’) against the ranked list of genes, and the list on the 
right shows the top hit genes. d, Real-time PCR quantification of lipogenic gene 
expression in wild-type and Cd4”*Rptor™" freshly isolated Tyeg cells or those 
stimulated with anti-CD3, anti-CD28 and IL-2 for 8 h. e, De novo lipogenesis of 
Treg cells from wild-type and Cd4*Rptor" mice after 24 h of anti-CD3, anti- 
CD28 and IL-2 stimulation, with the final 4 h labelled with *C-glucose. f, Total 
cholesterol level was measured using lysates of activated T;eg cells from wild- 
type and Cd4°*Rptor'™" mice. g, In vitro suppression assays mediated by Teg 
cells previously activated by anti-CD3, anti-CD28 and IL-2 for 3 days in the 
presence of vehicle, simvastatin (2 1M), simvastatin and mevalonate (100 1M) 
or mevalonate alone. Error bars represent s.d. (n = 3). Results represent two 


independent experiments except for c (n = 4 from one experiment). 


impaired CTLA4 and ICOS expression (Supplementary Fig. 5e). Thus, 
Treg cells deficient in mTORC1 have an intrinsic defect in suppressive 
activity. Nonetheless, Cd4”*Rptor™" mice exhibited normal health sta- 
tus, which was probably due to impaired activation of conventional T 
cells (K.Y. and H.C., unpublished observations). We found a similar 
requirement of raptor in Tyeg suppressive activity after Cre-ER'- 
mediated acute deletion of raptor in adult mice (Supplementary Fig. 6). 

Cytokines produced by T,.g cells represent an important immuno- 
suppressive mechanism”. The anti-inflammatory cytokines TGF-f1 
and IL-10 were expressed normally in raptor-deficient T,., cells (Sup- 
plementary Fig. 7a, b). Although T,.g cells from Foxp3’Rptor™" mice 
expressed increased IFN-y, which may compromise Treg function”, 
Treg cells from Cd4"’Rptor"™ ‘1 did not (data not shown), thereby 
excluding such phenotypes as cell intrinsic. Moreover, ablation of 
IFN-y did not ameliorate the immune-activation phenotypes of 
Foxp3’Rptor™" mice (Supplementary Fig. 7c). Thus, the severe auto- 
immune phenotypes of Foxp3’Rptor”" mice probably occur inde- 
pendently of cytokine dysregulation. 

We therefore focused on the effects of raptor on T;<g surface effector 
molecules, especially CTLA4 and ICOS, which were greatly reduced in 
Treg Cells from multiple raptor-deficient genetic models in an intrinsic 
manner (Fig. 2d, e and Supplementary Figs 4e, 5e). Moreover, CTLA4 
and, to a lesser extent, ICOS were further increased upon in vitro 
stimulation, and this upregulation correlated with T,..-cell prolifera- 
tion. Such upregulation was blunted in Tyeg cells from Cd4Rptor™" 
mice, which was associated with impaired proliferation (Fig. 3a and 
Supplementary Fig. 8a). Moreover, when wild-type Tye, cells were 
transferred into unmanipulated CD45.1~ mice, a proportion of them 
divided and upregulated CTLA4 (Fig. 3b). However, Tyeg cells from 
C4 Rptor™" or Foxp3’Rptor™" mice failed to proliferate or upregu- 
late CTLA4 on transfer into CD45.1* mice (Fig. 3b and Supplementary 
Fig. 8b). Markedly diminished homeostatic proliferation and CTLA4 
upregulation were also observed when raptor-deficient T,eg cells were 
transferred into Rag] mice (Supplementary Fig. 8c). Altogether, loss 
of raptor inhibits T,,..-cell proliferation in vitro and in vivo. Furthermore, 
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Figure 4 | Deletion of Rictor does not alter T,-g-cell function but partially 
rescues inflammation in Foxp3“‘Rptor™" mice. a, Treg percentage in 2-3- 
month-old wild-type (WT) and Foxp3Rictor™" mice. NS, not significant. 
b, Expression of CD62L and CD44 on splenic T cells from wild-type and 
Foxp3*Rictor™" mice. c, Treg Cells were activated by anti-CD3 and IL-2 for 4h 
followed by immunoblots. d, Expression of CD62L and CD44 on splenic 
CD4* T cells from 3-4-week-old wild-type, Foxp3’Rptor”" and 
Foxp3"*Rptor™"Rictor™" mice. Right, percentage of CD62L™CD44°° naive 
CD4* cells in the spleen. e, IFN-y production in splenic CD4~ T cells from 


the proliferative defect was associated specifically with impaired CTLA4 
and ICOS expression, whereas apoptosis or other activation-induced 
events such as upregulation of GATA3 and CD103 were independent 
of raptor (data not shown). Thus, mTORC1 is important for coordinat- 
ing T,<g-cell proliferation and CTLA4 and ICOS expression, which may 
collectively contribute to the T,., suppressive function. 

To explore raptor/mTORC1-dependent molecular mechanisms, we 
used functional genomics and compared gene expression profiles of 
Treg Cells from Cd4Rptor'" and wild-type mice. Gene-set enrich- 
ment analysis revealed that cholesterol biosynthesis was the most 
altered pathway in a raptor-dependent manner: expression of many 
genes in this pathway was downregulated after raptor deletion (Fig. 3c 
and Supplementary Fig. 9a), including those encoding 3-hydroxy-3- 
methylglutaryl-CoA reductase (HMGCR), squalene epoxidase (SQLE) 
and isopentenyl-diphosphate delta isomerase 1 (IDI1), which was veri- 
fied by real-time polymerase chain reaction (PCR) analysis (Fig. 3d). 
Furthermore, on TCR stimulation, raptor-deficient T, 2g cells failed to 
synthesize lipids from glucose efficiently (Fig. 3e), and had reduced 
cellular cholesterol (Fig. 3f). These results establish a role of mTORC1 
in promoting cholesterol/lipid biosynthesis. Given the interconnected 
relationship between the biosynthetic and bioenergetic programs”, we 
determined the role of mTORC1 in T,2g bioenergetics by measuring 
the extracellular acidification rate (ECAR) and oxygen consumption 
rate (OCR), which denoted glycolysis and mitochondrial respiration, 
respectively. Raptor-deficient T,.. cells showed decreased ECAR 
and OCR (Supplementary Fig. 9b, c), indicating a requirement for 
mTORC1 in bioenergetics. We therefore determined the de novo lipid 
synthesis rate by measuring the incorporation of C-acetate into 
cellular lipids, thereby bypassing the requirement of mTORC1 in gly- 
colysis or mitochondrial activity. Indeed, raptor deficiency diminished 
the synthesis of lipids from '*C-acetate in Tyeg cells (Supplementary 
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wild-type, Foxp3’Rptor™" and Foxp3’Rptor™Rictor™" mice. f, Numbers of 


total TCR-f* cells in peripheral lymph nodes from wild-type, Foxp3”*Rptor™™ 
and Foxp3’Rptor™"Rictor"" mice. g, In vitro suppression assays mediated 
by Treg cells from 3-4-week-old wild-type, Cd4°Rptor'" and 

CD4"*Rptor™ ‘Rictor" mice. Error bars represent s.d. (n = 3). h, CTLA4 
expression in Tyeg cells from the spleen of wild-type, Cd4”*Rptor™" and 
Cd4*Rptor™"Rictor™" mice. P values are determined by Mann-Whitney test 
(a) and analysis of variance (d, f, g). *P << 0.05; **P < 0.01; ***P < 0.001. 
Results represent three (a-f) and two (g, h) independent experiments. 


Fig. 9d). These results demonstrated a specific role of mTORC1 in 
orchestrating the lipogenic program. 

To test the functional significance of lipid metabolism, we activated 
Treg Cells in the presence of 25-hydroxycholesterol, and this general lipid 
synthesis inhibitor potently blocked T,., suppressive activity (Sup- 
plementary Fig. 10a). Direct inhibition of HMGCR, the rate-limiting 
enzyme in the synthesis of cholesterol and isoprenoid lipids, by sim- 
vastatin also impaired T,,.. suppressive activity. Importantly, simvastatin- 
induced inhibition was completely reversed by the simultaneous addition 
of mevalonate, the metabolite downstream of HMGCR (Fig. 3g). Similar 
effects were observed after treatments with atorvastatin and lovasta- 
tin (Supplementary Fig. 10b). The inhibitory effects of these agents on 
Tyeg-cell function were associated with impaired T,.g-cell prolifera- 
tion and effector molecule upregulation (Supplementary Fig. 10c) in a 
mevalonate-dependent manner (Supplementary Fig. 10d). Furthermore, 
proliferation and CTLA4 and ICOS upregulation in T;.g cells transfer- 
red into congenic CD45.1* mice were diminished by statin treatment in 
vivo (Supplementary Fig. 11). Altogether, our results show that raptor/ 
mTORCI signalling promotes the lipogenic program, with the mevalo- 
nate pathway particularly important for mediating T,,..-cell proliferation, 
CTLA4 and ICOS upregulation, and functional fitness. 

Moreover, lipid-metabolism-dependent regulation of CTLA4 and 
ICOS is also operative in conventional T cells, because naive T cells 
treated with inhibitors of this pathway or deficient in raptor failed to 
upregulate these molecules effectively after TCR stimulation (Sup- 
plementary Fig. 12). We speculate that this constitutes a feedback 
mechanism, which would account for the immunosuppressive activity 
of activated non-Tyeg cells previously described”, a notion that awaits 
further investigation. 

Crosstalk between the mTORC1 and mTORC2 signalling pathways 
has been reported", although the molecular details and functional 
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significance are unclear. Notably, mTORC2 contributes to Akt activa- 
tion, which in turn signals to Foxol (ref. 26), and acts in synergy with 
mTORC1 to negatively control the generation of induced T,cg cells’. 
We therefore examined the role of mTORC2 and its interaction with 
mTORCI1 in naturally occurring T,.g cells. T,eg-specific deletion of 
Rictor, the defining component of mTORC2, resulted in a small reduc- 
tion of Teg cells in the periphery (Fig. 4a). However, loss of Rictor in 
Treg Cells did not perturb T-cell homeostasis, cellularity or cytokine 
expression at steady state (Fig. 4b and Supplementary Fig. 13a, b), or 
the health status of the mice. Also, Rictor-deficient T,., cells had 
normal expression of T,eg signature molecules, mitochondrial activity 
and in vitro suppressive activity (Supplementary Fig. 13c, d). Thus, in 
contrast to a crucial requirement of mTORC1 in programming Tyeg 
activity, mTORC2 probably contributes to T,., maintenance but is 
dispensable for T,., function. 

To examine the crosstalk between the two mTOR complexes, we 
analysed mTORC2 activity in raptor-deficient Tg cells. Phosphoryla- 
tion of well-established mTORC2 targets, Akt Ser 473 and Foxol/3, 
was elevated in raptor-deficient Teg cells after anti-CD3/IL-2 (Fig. 4c) 
or anti-CD3/CD28 stimulation (Supplementary Fig. 14), consistent 
with the observation in freshly isolated raptor-deficient T,.. cells (Sup- 
plementary Fig. 2d). By contrast, Akt Ser473 phosphorylation was 
nearly abolished after Rictor deletion (Fig. 4c and Supplemen- 
tary Fig. 14a). Thus, mTORC1 negatively feeds back on mTORC2 in 
Treg cells. To determine the contribution of mTORC2 activity to 
Foxp3’Rptor"" phenotypes, we generated Foxp3°Rptor *Rictor!" 
mice. Compared with T cells in Foxp3’Rptor™" mice, those in 
Foxp3’Rptor™"Rictor"" mice contained an increased percentage of 
naive phenotypes (Fig. 4d) and showed modestly reduced IFN-y pro- 
duction (Fig. 4e). Also, the lymphadenopathy phenotype observed in 
Foxp3’Rptor"™" mice was ameliorated in Foxp3°Rptor™ "Rictor" 
mice (Fig. 4f). To test the intrinsic suppressive activity of raptor- 
and Rictor-deficient Tyeg cells, we generated Cd4°Rptor"Rictor™" 
mice that eliminated both mTORC1 and mTORC2 activities (Sup- 
plementary Fig. 15a, b). An in vitro suppression assay revealed an 
intermediate phenotype of raptor/Rictor-deficient T,., cells compared 
with raptor-deficient and wild-type cells (Fig. 4g). However, impaired 
CTLA4 expression and TCR-induced proliferation after raptor deletion 
were not restored by the concomitant loss of Rictor (Fig. 4h and 
Supplementary Fig. 15c). Furthermore, Foxp3°Rptor™ "Rictor™" mice 
still succumbed to an inflammatory disorder, albeit with a small exten- 
sion of lifespan and less inflammation as compared with Foxp3°Rptor™" 
mice (Supplementary Fig. 16). Therefore, Raptor/mTORC]1 signalling 
promotes T;eg function in part through inhibiting mTORC2, although 
the predominant effect of mTORC1 is to coordinate metabolic programs 
and T,eg suppressive molecules. 

Much emphasis has been placed on the transcriptional mechanisms 
that orchestrate T,.. suppressive activity, but how immunological sig- 
nals are sensed and integrated by Tg cells for their functional activa- 
tion remains obscure. We show that mTORC1-dependent metabolic 
programming is a central mechanism to couple immune signals, includ- 
ing TCR and IL-2, and T,.g suppressive function. Raptor/mTORC1 
promotes the lipogenic program, with the mevalonate pathway particu- 
larly important for coordinating T,., proliferation and the optimal 
induction of effector molecules CTLA4 and ICOS (Supplementary 
Fig. 17). Thus, mTORC1-dependent lipid metabolism provides a novel 
link between two crucial T,eg9-cell regulators, IL-2 and CTLA4, the loss of 
which causes fulminant autoimmune diseases”’”°. An additional mech- 
anism is through the mTORC1-dependent inhibition of mTORC2, 
although the modest rescue effect of Rictor deletion in Foxp3’Rptor™" 
mice suggests a relatively minor contribution of this feedback pathway. 
Notably, mTORC1-dependent metabolic programming operates both 
under steady state and immune stimulation, and this provides import- 
ant mechanistic insights into the apparently conflicting observations of 
the in vitro anergy of Tyeg cells and their in vivo antigen-primed state'**. 
We propose that T,eg cells adopt the evolutionarily ancient mTORC1 
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signalling pathway to link immunological inputs to metabolic activity 
and functional fitness, therefore implicating mTORCI1 as a fundamen- 
tal rheostat to program T,.,-cell suppressive activity through a non- 
conventional mechanism. 


METHODS SUMMARY 


The mice used in this study were backcrossed onto the C57BL/6J background. Bone 
marrow chimaeras were generated by transferring 1 X 10’ T-cell-depleted bone 
marrow cells into sub-lethally irradiated (5 Gy) RagI””” mice, followed by recon- 
stitution for at least 2 months. T-cell-mediated colitis was induced by intraperito- 
neal transfer of 4 X 10° Teg cells (CD4* CD45RB™CD25°) from CD45.1* mice in 
the absence or presence of 2 X 10° Treg Cells into Rag! ~” mice. Lymphocytes were 
stained with surface antibodies or intracellularly for Foxp3, CTLA4 and caspase 3. 
Staining for the phosphorylated signalling proteins was carried out with Phos- 
flow kits (BD Biosciences). Tyeg cells were activated with plate-coated anti-CD3, 
anti-CD28 and IL-2, in the presence of simvastatin (2 11M; EMD Millipore), 25- 
hydroxycholesterol (0.5 jig ml; Sigma), or vehicle. The de novo lipogenesis assay 
was performed by incubating activated Teg cells with '“C-glucose or '*C-acetate for 
4h, followed by cell lysis and lipid extraction. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Mice. C57BL/6J, CD45.1*, Rptor", Ragl”, Ifng” and ROSA26“® (a loxP-site- 
flanked STOP cassette followed by the GFP-encoding sequence was inserted into the 
ROSA26 locus) mice were purchased from the Jackson Laboratory. Rictor"", Cd4- 
Cre and ROSA26-Cre-ER'* mice have been described previously*!. Foxp3’*?C* 
mice were a gift from A. Rudensky”. Foxp3”’Rptor"" mice were used at 3-4-weeks 
old unless otherwise noted, with the age and gender-matched wild-type mice con- 
taining the Foxp3“* allele as controls. Other mice were used at 8-10-weeks old unless 
otherwise noted. Bone marrow chimaeras were generated by transferring 1 X 10” 
T-cell-depleted bone marrow cells into sub-lethally irradiated (5 Gy) Rag] ‘~ mice, 
followed by reconstitution for at least 2 months. For treatment with tamoxifen, mice 
were injected intraperitoneally with tamoxifen (1 mg per mouse) in corn oil daily for 
4 consecutive days and then analysed 7 days after the last injection. All mice were 
kept in a specific pathogen-free facility in the Animal Resource Center at St Jude 
Children’s Research Hospital. Animal protocols were approved by the Institutional 
Animal Care and Use Committee of St Jude Children’s Research Hospital. 

Flow cytometry. For analysis of surface markers, cells were stained in PBS con- 
taining 2% (wt/vol) fetal bovine serum (FBS) with antibodies from eBioscience, 
unless otherwise noted. Foxp3 staining was performed as per the manufacturer’s 
instruction (eBioscience). Intracellular staining of CTLA4 was performed together 
with Foxp3 using anti-CTLA4 antibody (UC10-4F10-11; BD Biosciences). BrdU 
and caspase-3 staining was performed as per the manufacturer’s instruction (BD 
Biosciences). For detection of phosphorylated signalling proteins, lymphocytes 
were rested in complete medium for 1h. They were fixed with Phosflow Lyse/ 
Fix buffer, followed by permeabilization with Phosflow Perm buffer HI (BD 
Biosciences) and staining with antibodies to S6 phosphorylated at Ser 235 and 
Ser 236 (D57.2.2E; Cell Signaling Technology), 4E-BP1 phosphorylated at Thr 37 
and Thr 46 (236B4; Cell Signaling Technology), Akt phosphorylated at Ser 473 
(M89-61; BD Biosciences) and Thr 308 (J1-223.371; BD Biosciences), and Erk 
phosphorylated at Thr 202 and Tyr 204 (20A; BD Biosciences). For staining mito- 
chondria, lymphocytes were incubated for 30 min at 37 °C with 10 nM MitoTracker 
Deep Red (Life Technologies) or 20 nM TMRM (ImmunoChemistry Technologies) 
after staining surface markers. ROS were measured by incubation with 10 1M 
5-(and-6)-chloromethyl-2’,7'-dichlorodihydrofluorescein diacetate, acetyl ester 
(CM-H2DCFDA,; Life Technologies) or 2.5 1M CellROX Deep Red (Life Tech- 
nologies) after staining surface markers. Flow cytometry data were acquired on 
LSRII or LSR Fortessa (BD Biosciences) and analysed using Flowjo software (Tree 
Star). 

Cell purification and culture. Lymphocytes were isolated from lymphoid organs 
(spleen and peripheral lymph nodes that included inguinal, auxiliary and cervical 
lymph nodes) and naive and T,.. cells were sorted on a MoFlow (Beckman-Coulter) 
or Reflection (i-Cyt). Sorted naive (CD4* CD62L* CD44"°CD25~) and Treg Cells 
were used for in vitro culture in Click’s medium (plus §-mercaptoethanol) supple- 
mented with 10% (vol/vol) FBS and 1% (vol/vol) penicillin-streptomycin. Teg cells 
were activated with plate-coated anti-CD3 (5 1g ml !; 2C11; Bio X Cell), anti- 
CD28 (5 ug ml ';37.51; Bio X Cell) and human IL-2 (200 U ml‘), in the presence 
or absence of simvastatin (211M; EMD Millipore), or 25-hydroxycholesterol 
(0.5 pg ml’; Sigma). Thymidine incorporation assays were performed by adding 
0.2 X 10° T cells and 1 X 10° irradiated splenocytes together with soluble anti-CD3 
(0.2 pg ml!) in the presence or absence of human IL-2 (100 Uml ') for 72h, 
followed by pulsing with [°H]-thymidine at 1 ,1Ci per well for the last 12-16 h of 
culture. For labelling with CFSE and Celltrace violet (both from Life Technologies), 
T cells were incubated in Click’s medium with 5% FBS and 4 1M of either dye at 
37°C for 25 min, followed by extensive washes. In vitro T,eg suppression assays 
were performed as described’. Briefly, freshly sorted Teg (CD4* CD45RB™CD25_; 
5 X 10*) and Treg Cells (at different ratios with T.¢) were cultured in 96-well plates 
along with anti-CD3 antibody and irradiated splenocytes for 72h, followed by 
thymidine incorporation assays. For T,., suppression assays using previously acti- 
vated T,.g cells, T, eg cells were sorted from C57BL/6J mice and activated with anti- 
CD3, anti-CD28 and IL-2 for 3 days in the absence or presence of simvastatin 
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(21M), 25-hydroxycholesterol (0.5 ug ml), 22(R)-hydroxycholesterol (5 1M; 
Sigma), atorvastatin (5 4M; EMD Millipore), lovastatin (5 1M; EMD Millipore), 
mevalonate (100 1M; Sigma), or certain combinations as specified; vehicle control 
did not have measurable effects (not shown). Viable T;eg cells were purified using 
Ficoll and incubated with freshly isolated T. cells for additional analysis as 
described earlier. 

Colitis model. A total of 4X 10° Tyg cells (CD4*CD45RB"CD25-) from 
CD45.1* mice were mixed with 2 x 10° wild-type or raptor-deficient Treg cells 
(from Foxp3”*Rptor" or Cd4Rptor™" mice), and were transferred intraperito- 
neally into Rag!” mice. Mice were assessed for clinical signs of colitis weekly and 
were analysed 8-10 weeks after transfer. Colons were fixed in 10% (vol/vol) neutral 
buffered formalin, and sectioned at 4 jm thickness. Colon pathology was assigned 
scores by an experienced pathologist (P.V.) as described’. Lymphocytes were 
isolated from spleen and mesenteric lymph nodes and analysed by flow cytometry. 
De novo lipogenesis, cholesterol measurement and bioenergetics assays. T,.g 
cells were activated with anti-CD3, anti-CD28 plus IL-2 for 20h, and [1-4c]- 
acetic acid (Perkin Elmer; 4 j1Ciml ') was added for an additional 4h of culture. 
For labelling with [U-'*C]-glucose (American Radiolabeled Chemicals), Tyg cells 
activated for 20h were washed with PBS and incubated in glucose-free medium 
with dialysed FBS and [U-'*C]-glucose (4Ci ml‘) for an additional 4h of cul- 
ture. After incubation, cells were collected, washed twice with PBS and lysed in 
0.5% Triton X-100. Lipids were extracted by the addition of chloroform and 
methanol mixture (2:1 vol/vol) with vortexing, followed by the addition of water 
with vortexing. After centrifugation, the lipid-containing phase (at the bottom) 
was separated and “*C incorporation was measured using a Beckman LS6500 
scintillation counter. Results are normalized to cell number. Cellular cholesterol 
level was measured using Amplex Red assay (Life Technologies). Briefly, cells were 
washed with PBS and lysed in the Amplex Red reaction buffer. After 15 min of 
incubation, cell lysates were centrifuged at maximum speed for 5 min. Fifty micro- 
litres of supernatants were pipetted into a 96-well tissue culture plate and a 50 ul 
aliquot of Amplex Red working solution was added to each well. The plate was 
incubated for 120 min at 37°C, protected from light. Fluorescence was subse- 
quently measured on a fluorescence microplate reader (Molecular Devices). A 
cholesterol standard curve was determined for each plate using a cholesterol 
reference standard. The bioenergetic activities of the ECAR and OCR pathways 
were measured using the Seahorse XF24-3 extracellular flux analyser as per the 
manufacturer’s instructions (Seahorse Bioscience). 

Gene expression profiling and gene-set enrichment analysis. RNA samples 
from freshly isolated T,.g cells from wild-type and Cd4’Rptor™" mice were ana- 
lysed using the Affymetrix HT_MG-430_PM GeneTitan peg array, and expression 
signals were summarized using the RMA algorithm (Affymetrix Expression 
Console v.1.1). Gene-set enrichment analysis within canonical pathways was per- 
formed as described”. 

RNA and immunoblot analysis. Real-time PCR analysis was done as described 
with primers and probe sets from Applied Biosystems’, or using the Power SYBR 
Green Master Mix from Life Technologies. Immunoblots were performed and 
quantified as described previously”', using the following antibodies: p-S6, p-Akt 
Ser 473, p-4E-BP1, p-Foxol/3, raptor (all from Cell Signaling Technology) and 
B-actin (Sigma). 

Statistical analysis. P values were calculated with Student’s t test, Mann-Whitney 
test, or analysis of variance (GraphPad Prism) as specified in figure legends, with 
proper post-test analysis performed. Statistical analysis of mouse survival and 
respective P values were determined using the logrank test. *P < 0.05; **P < 0.01; 
***P < 0.001. 
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Electronic devices have advanced from their heavy, bulky origins to 
become smart, mobile appliances. Nevertheless, they remain rigid, 
which precludes their intimate integration into everyday life. Flexible, 
textile and stretchable electronics are emerging research areas and 
may yield mainstream technologies’ *. Rollable and unbreakable 
backplanes with amorphous silicon field-effect transistors on steel 
substrates only 3 pm thick have been demonstrated*. On polymer 
substrates, bending radii of 0.1 mm have been achieved in flexible elec- 
tronic devices*’. Concurrently, the need for compliant electronics 
that can not only be flexed but also conform to three-dimensional 
shapes has emerged’. Approaches include the transfer of ultrathin 
polyimide layers encapsulating silicon CMOS circuits onto pre- 
stretched elastomers’, the use of conductive elastomers integrated 
with organic field-effect transistors (OFETs) on polyimide islands’, 
and fabrication of OFETs and gold interconnects on elastic substrates” 
to realize pressure, temperature and optical sensors'’“*. Here we present 
a platform that makes electronics both virtually unbreakable* and 
imperceptible. Fabricated directly on ultrathin (1 :m) polymer foils, 
our electronic circuits are light (3 g m7”) and ultraflexible and con- 
form to their ambient, dynamic environment. Organic transistors 
with an ultra-dense oxide gate dielectric a few nanometres thick 
formed at room temperature enable sophisticated large-area elec- 
tronic foils with unprecedented mechanical and environmental 
stability: they withstand repeated bending to radii of 5 ym and less, 
can be crumpled like paper, accommodate stretching up to 230% on 
prestrained elastomers, and can be operated at high temperatures 
and in aqueous environments. Because manufacturing costs of organic 
electronics are potentially low, imperceptible electronic foils may be 
as common in the future as plastic wrap is today. Applications 
include matrix-addressed tactile sensor foils for health care and 
monitoring, thin-film heaters, temperature and infrared sensors, 
displays’*, and organic solar cells’*. 

An example of an ultrathin active-matrix array with resistive tactile 
sensors is shown in Fig. la. The electronic circuit foil weighs so little 
that it floats through air much like a feather (Fig. 1b and Supplemen- 
tary Movie 1). At only 3gm_ 7”, our sensor foil is 60-fold lighter than 
conventional polyimide substrates (125 um thick, 180 g m ”), 27-fold 
lighter than office paper (130 pm thick, 80 gm”) and still eightfold 
lighter than a steel foil 3 um thick (24.2¢m *). The unprecedented 
mechanical properties of the foil are illustrated in Fig. 1c, in which it 
survives being crumpled like a piece of paper. These imperceptible 
ultrathin foils form an intimate contact with arbitrary shapes (includ- 
ing human skin) without imposing constraints either mechanically or 
by weight. In the ultrathin array in Fig. 1, a polyethylene naphthalate 
(PEN) foil 1 um thick was used as substrate; the circuits were formed 
with a hybrid anodic aluminium oxide'”’* and a phosphonic acid self- 
assembled monolayer’? (SAM) gate dielectric, dinaphtho[2,3-b:2’,3’-f] 
thieno[3,2-b]thiophene (DNTT) as air-stable organic semiconductor”, 
and a parylene interlayer separating the active-matrix backplane from 


the sensing layer. The fabrication of the device consists exclusively of 
process steps commonly used in the semiconductor industry, such as 
vacuum evaporation (metals and organic semiconductor) and chem- 
ical vapour deposition (parylene). Potentiostatic anodization was used 
to form ultra-dense and durable high-k dielectric layers a few nano- 
metres thick for the organic transistors’’. The self-healing nature of the 
anodic oxide enables us to fabricate complex devices as thin as 100 nm 
on industrial-scale plastic substrates with considerable (88 nm root 
mean square) surface roughness, while maintaining high performance 
(see Methods and Supplementary Information for details). Typically, 
all 12 X 12 sensor cells on an active-matrix array are functional. 

Figure 2 shows potential applications of our technology as an infra- 
red bolometer sensor (Fig. 2a, b) and in heat management, where high 
electrical power is effectively dissipated to a heat sink (Fig. 2c-j). For 
these applications, a thin gold metal film 100 nm thick was evaporated 
onto the 1-um PEN foil. The transient temperature signals in Fig. 2b 
show temperature equilibration within 9 |1s after excitation with a 10- 
ns laser pulse from an Nd:YAG laser at 1,064nm wavelength. The 
bolometer has a small thermal mass of C = 8 J K 1}, comparable to 
micromachined devices*’”’. Fast temperature equilibration allows effi- 
cient power dissipation from the device to an underlying substrate, 
thus enabling efficient heat management strategies in flexible and 
stretchable electronics, an emerging topic’***. As depicted in the setup 
photograph and in the series of infrared thermal images in Fig. 2c-j, 
the electronic foil dissipates an electrical power of 0.35 W to a Teflon 
substrate and a 20-fold higher power to a heat sink substrate with 
current densities comparable to those found in integrated circuits”. 
An example of its use as a clinging temperature sensor, wrapped 
around a capillary of a high-performance liquid chromatography pipe, 
is shown in Supplementary Fig. 1. Localized heating, as in the example 
of a thin metal-foil sensor for temperature sensing and heating on a 
human finger, is demonstrated in Supplementary Fig. 2a, b. 

We added complexity to the devices by fabricating thin-film transis- 
tors for actively controlled sensors and actuator networks. Aluminium 
serves as the gate electrode, potentiostatically anodized aluminium 
oxide is the gate dielectric, an n-tetradecyl phosphonic acid SAM provides 
the interface to the air-stable high-mobility p-type organic semiconductor 
DNTT. Gold source and drain contacts complete the device (Fig. 3a). 
An optical micrograph of a single transistor on the 1.2-ym PEN sub- 
strate (channel length 40 um, width 500 um) is shown in Fig. 3b. A 
detailed analysis of the surface morphology by atomic force micro- 
scopy is provided in Supplementary Fig. 3. For mechanical testing 
devices were encapsulated with a parylene layer 0.8-1 um thick that 
places the thin-film transistor near the neutral plane position*** (see 
Methods). A cross-sectional scanning electron microscopy (SEM) 
image of an encapsulated device with a total thickness of 2 um is shown 
in Fig. 3c. The layer structure of the 100-nm OFET is revealed in the 
scanning transmission electron microscope (STEM) cross-sectional 
image (Fig. 3d). The amorphous nature of the aluminium oxide layer 
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Figure 1 | Imperceptible electronic foil. a, Illustration of a thin large-area 
active-matrix sensor with 12 X 12 tactile pixels. b, Ultrathin plastic electronic 
foils are extremely lightweight (3 gm  *); they float to the ground more slowly 


is confirmed by the absence of crystalline regions in the bright-field 
STEM image in Supplementary Fig. 4a. The elemental composition of 
the individual layers was analysed by means of an energy-dispersive 
X-ray system (Supplementary Fig. 4b, c), which confirmed the forma- 
tion of a SAM layer. We then compared our anodic aluminium oxide 
hybrid dielectric with conventional aluminium oxide prepared by 
treatment with oxygen plasma (Supplementary Fig. 5). In short, poten- 
tiostatically anodized alumina shows higher mechanical durability 
than plasma-formed alumina, and withstands large bending strains 
at relevant operating voltages. This, together with the ultrathin archi- 
tecture, allows our transistors to survive crumpling like a sheet of paper 
without performance degradation (Supplementary Fig. 6). Transfer 
and output characteristics of an OFET with a saturation mobility of 
3cm’V 's ' are plotted in Fig. 3e, f; Supplementary Fig. 7 charac- 
terizes devices with 9 nm gate oxide. The devices have a performance 
equal to that of reference devices fabricated on rigid, smooth Si/SiO, 
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than a feather and are therefore virtually unbreakable. Scale bar, 2 cm. c, At only 
2 um thickness, our devices are ultraflexible and can be crumpled like a sheet of 
paper. Scale bar, 1 cm. 


substrates (Supplementary Fig. 8), and are on a par with the best- 
performing OFETs reported so far’®. 

To demonstrate the potential of our technology, we fabricated a 
12 X 12 active-matrix array with integrated resistive tactile sensors. 
The diagram in Fig. 4 shows the design of a tactile pixel. The control 
transistors were fabricated on the 1.2-11m substrate with a high aspect 
ratio (channel width-to-length ratio 12,000 m/20 tm), which makes 
the active-matrix backplane suitable for use in high-power applica- 
tions, for instance as OLED pixel drivers. After the formation of an 
insulating interlayer of 800-nm parylene, interdigitated gold electrodes 
were deposited as resistive touch sensors. The electrical connection 
between the touch sensors and the switching matrix backplane is 
provided by gold evaporated through high-resolution vias drilled with 
a green laser marker system. The rough surface of the parylene inter- 
layer drastically improves the adhesion of the gold sensor layer, pro- 
viding a robust and wear-resistant tactile sensing pixel (Supplementary 
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Figure 2 | Thin-film infrared sensor and heat management. a, Diagram ofa 
thin-film infrared bolometer sensor and experimental setup to measure the 
transient temperature signal on excitation by a 1,064-nm Nd:YAG laser pulse. 
b, Temperature change after thermal pulse excitation of a free-standing 
bolometer (red circles) and a bolometer coupled to a heat sink (blue triangles). 
Heat is transferred to the heat sink very rapidly (on a timescale of only 

4t = 9 us). Solid lines are fits according to equations (1) and (2) in 
Supplementary Information. c-j, Heat management in thin-film electronics. 
Metallic conductors (100-nm Au) on a 1.2-\1m PEN foil are placed on a Teflon 
support with low thermal conductivity (c) and on a copper block serving as heat 
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sink (d). Scale bars, 2mm. The excellent heat transport properties of such a 
thin-foil substrate allow these devices to handle the current densities used in 
integrated circuits and to dissipate a significant amount of power when 
thermally connected to a heat sink. Thermography images visualize dissipated 
heat on Teflon at zero current (e) and 0.2 A (f) and the copper support at zero 
current (g), 0.2 A (h) and 1.5 A (i). j, Resistance change AR/Ry of a conductor on 
Teflon support (red circles) and in thermal contact with a copper heat sink 
(blue triangles). While Teflon supported conductors fail at a current density of 
0.2MAcm *, a current density tenfold higher is sustained when the device is 
placed on a heat sink. 
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Figure 3 | Thin-film transistors on 1.2-4m PEN 
foils. a, Cross-sectional diagram of an ultrathin 
OFET. Aluminium serves as gate contact and a 
mechanically durable and dense hybrid dielectric is 
formed from potentiostatically anodized alumina 
and a phosphonic acid SAM. The organic 
semiconductor DNTT ensures air-stable 
operation, and 50 nm thick Au serves as the source 
and drain. The complete device including the PEN 
substrate is 1.3 tum thick. b, Optical micrograph ofa 
single transistor on the 1.2-1m PEN substrate with 
Au a channel length of 40 jm and width of 500 um. 
Scale bar, 200 jum. The magnified three- 
dimensional view of the channel region highlights 


Channel ¥ 
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Ao a3 seed the topology of the transistor on the 
x unconventionally rough substrate. c, Cross- 
_ Al (25 nm) sectional SEM image of the ultrathin transistor 
encapsulated with 800-nm parylene diX-SR to 
protect against mechanical damage and place the 
Substrate 


transistor near the neutral strain position. The total 
thickness of this device is about 2 im. Scale bar, 
2 um, d, High-resolution cross-sectional TEM 


image showing the layer structure of the 100-nm 
OFET. The amorphous aluminium oxide layer 

19 nm thick ensures low leakage currents even on 
rough substrates and is mechanically reliable, while 
maintaining low operating voltages. An 
n-tetradecyl phosphonic acid SAM about 2 nm 
thick forms the interface to a DNTT layer roughly 
18 nm thick. Scale bar, 20 nm. e, Transfer 
characteristics of an ultrathin, flexible OFET. 
Plotted are drain-source current (Ips) and gate- 
source current (Igs) as a function of gate-source 
voltage (Vgs) at a drain-source voltage (Vps) of 
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Fig. 9). Figure 4b shows a top-view photograph of the completed 8 cm 
X 8cm ultrathin tactile sensor array; a magnified view of four pixels is 
shown in the inset. A detailed view of a single tactile pixel is shown in 
Fig. 4c, together with a single backplane transistor without the sensor 
layer and a magnified view of the transistor’s active region. A circuit 
diagram of the resistive sensor pixel illustrates the operating principle 
of the sensor cell. Figure 4d plots the transfer characteristic of a tran- 
sistor in the active-matrix configuration (without the sensor layer). Our 
transistors maintain saturation mobilities of up to 1.6cm*V_'s ' 
when operated at only 3 V source drain and gate voltage and an on/ 
off-current ratio of eight orders of magnitude. The ultra-dense hybrid 
dielectric layer ensures low gate leakage currents of less than 100 pA 
even for transistors with a high channel width-to-length ratio. Using a 
high width-to-length ratio enables output currents of more than 
0.5 mA at 3 V, which is sufficient for OLED display drivers and power 
amplifiers. The average mobility across all 144 transistors on the tactile 
sensor foil is 0.88 +0.13cm*V ‘s ', as the mobility distribution 
plotted in Fig. 4e shows. A critical design parameter for active- 
matrix-based sensor arrays is the on/off ratio of the control transistors, 
which must be large enough to allow unambiguous distinction between 
on and off pixels. The on/off ratio for all of the 144 pixels of our 
ultrathin tactile sensor exceeds 10’ (on average (2.57 + 0.7) X 10’; 
see distribution in Supplementary Fig. 10f). Threshold voltage, sub- 
threshold swing and on-current and off-current distributions are 
shown in Supplementary Fig. 10. When connected, the drain current 
of a tactile sensing pixel depends on the surface conductivity of the 
sensed object. Figure 4f shows the transfer curve for a single pixel when 
the interdigitated resistive sensor is in contact with various objects. Highly 
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5 V. The saturation mobility is 3 cm? V's} the 
on/off ratio exceeds seven orders of magnitude and 
the gate leakage current (Igs) is less than 10 pA. 

f, Corresponding output characteristics. Plotted are 
Ips as a function of Vps for a gate-source voltage 
from 0 V to —5V. 


conducting surfaces are readily detected, and even non-conducting 
objects can be perceived when an anisotropically conducting pressure- 
sensitive rubber is laminated to the tactile sensing array (a soft touch 
with 1 kPa pressure is readily registered). Such tactile sensing foils can 
be used as human-machine interfaces, because the resistivity of human 
skin is well suited to activating a pixel with a gentle touch. More details 
and high-resolution images of the individual fabrication steps are given 
in Supplementary Fig. 11. To demonstrate the functionality as a tactile 
sensor, we recorded the position of a metallic ring when placed on the 
sensing sheet. Figure 4g shows a top-view photograph of the ring and 
the corresponding signal map. The circular pattern is read out with 
high precision, and a difference of more than six orders of magnitude 
in the on-current between contacted and non-contacted pixels is 
observed. Such ultrathin large-area sensing sheets readily conform to 
three-dimensional surfaces, allowing unprecedented applications: displays, 
sensors, thermal imaging in sports and recreation, medical treatment 
and prosthetics; electronic skin; robotics; and consumer electronics. 
The example of a tactile sensor conforming to a model of the upper 
human jaw (Fig. 4h) illustrates potential applications in health care and 
monitoring, in which imperceptible sensing and actuating systems are 
required to minimize patient discomfort. In biomedical applications, 
including in vivo sensing of biosignals, ultrathin electronic foils must 
operate at elevated temperatures and in aqueous environments. At 
only 2 um thickness (including parylene encapsulation), our transis- 
tors can withstand thermal annealing at up to 170 °C (Supplementary 
Fig. 12) and operate continuously for more than two weeks fully 
immersed in saline solution without significant degradation in per- 
formance (Supplementary Fig. 13). 
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Figure 4 | Active-matrix tactile sensing foil. a, Design of a tactile pixel 
comprising a switching transistor and a resistive touch sensor. The control 
transistor is fabricated directly on the 1.2-j1m substrate. An interlayer of 800- 
nm parylene insulates the switching matrix backplane from the sensing layer. 
The electrical connection to the transistors is provided through high-resolution 
vias. Interdigitated gold electrodes with a line pitch of 30 jum serve as touch 
sensors. b, Top-view photograph of the completed 8 cm X 8 cm ultrathin tactile 
sensor array with 12 X 12 pixels. Scale bar, 1 cm. A magnified view of four pixels 
is shown in the inset. (Scale bar: 2mm) c, Top: detailed view of an individual 
tactile pixel together with a single backplane transistor (left) and without the 
sensor layer (right). Scale bars, 1 mm. Bottom: circuit diagram of the resistive 
sensor pixel (left) and magnified view of the transistor’s active region (right). 


To demonstrate the stretch compatibility of our lightweight elec- 
tronic foils, we laminated devices to a pre-stretched elastomeric film. 
When the pre-stretched elastomer is allowed to relax, wrinkles form in 
the active transistor layer, which enables stretching of the device in the 
direction of the initial deformation of the elastomer**”*’. The elec- 
tronic circuits were fabricated close to the neutral plane of the foil 
stack, which permits bending to a radius of as little as 5m with 
marginal change in electrical performance. Figure 5a illustrates how 
stretchability of ultrathin electronics is achieved: after fabrication of 
the devices on the carrier substrate, the electronic film is peeled off the 
support stack and laminated to a pre-stretched elastomer (3M VHB) 
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Scale bar, 500 tum. d, Transfer characteristic of a transistor in the matrix 
configuration. The saturation mobility is 16cm? V's! at 3 V source-drain 
and gate voltage, on/off-current ratio is 10°. The ultra-dense dielectric layer 
ensures low gate leakage currents (less than 100 pA), enabling output currents 
of more than 0.5 mA at 3 V. e, Typical mobility distribution of all 144 transistors 
ona completed tactile sensor. The average mobility is 0.88 + 0.13cm? V's‘ 
f, Transfer curve for a single pixel when the interdigitated resistive sensor is 
touched by various objects. g, Top-view photograph (left) and corresponding 
drain current of a metallic ring placed on the sensing sheet (right). A difference 
of more than six orders of magnitude is observed in drain current between 
contacted and non-contacted pixels. Scale bar, 1 cm. h, Tactile sensor sheet 
tightly conforming to a model of the human upper jaw. Scale bar, 1 cm. 


by simple picking and placing. When the prestrain in the elastomer is 
relaxed, adhesion between the elastomer and the thin electronic foil 
causes the strain in the elastomer to transfer to the thin foil, forming a 
network of out-of-plane wrinkles in the device that accommodates 
subsequent tensile strains. Figure 5b shows a picture sequence of this 
formation of folds when the elastomer is relaxed. The wrinkle topology 
was characterized by both three-dimensional optical microscopy and 
SEM (Fig. 5c). To determine the minimum bending radii of the mul- 
tiple folds that form in the active area of the transistors, we analysed 
cross-sectional SEM images of a transistor undergoing 233% tensile 
strain. Figure 5d reveals multiple folds with bending radii of less than 
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Figure 5 | Stretch-compatible 
ultraflexible transistors. 

a, Illustration of stretchable ultrathin 
electronics. After fabrication, devices 
are peeled off the support stack and 
laminated to a pre-stretched 
elastomer (3M VHB) by simple 
picking and placing. When the 
prestrain in the elastomer is relaxed, 
the ultrathin electronic foil forms a 
network of out-of-plane wrinkles 
that accommodate subsequent 
tensile strains. b, Picture sequence of 
the formation of folds in an 
ultraflexible transistor when the 
elastomer is relaxed. Scale bars, 
1mm. ¢, Wrinkle topology 
characterized by a three-dimensional 
optical microscope (left) and by SEM 
(right). The out-of-plane folds are 
about 100 jim high. Scale bar, 

200 um. d, Cross-sectional SEM 
image ofa transistor undergoing 70% 
compressive strain. The magnified 
view reveals multiple folds with 
bending radii of less than 5 jm 
within the active device area. Scale 
bars, 100 jum (left); 20 jum (right). 
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e, On-current (red circles), mobility 
(green diamonds) and threshold 
voltage (blue triangles) as functions 
of compressive and tensile strains. 
No irreversible degradation was 
observed during the experiment. 
Inset: a transistor in relaxed (left) and 
compressed (right) states. f, Transfer 
curves corresponding to 

e, demonstrating the mechanical 
stability of the hybrid gate dielectric: 
no increase in gate leakage current 
was observed. g, Biaxially stretchable 
transistor. When laminated to an 
equi-biaxially prestretched 
elastomer, these transistors 
withstand a 35% decrease in area 
before failure. The inset shows the 
transistor in relaxed (left) and 
compressed (right) states. 

h, Mechanical durability during 
repeated compression and re- 
stretching to 100% tensile strain. Plot 
of on-current (red circles), mobility 
(green diamonds) and threshold 
voltage (blue triangles) against 
stretch cycles. Even after 200 full 
cycles, less than 4% change in device 
parameters was observed. 
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5 um within the active device area. Despite these extreme bending 
conditions, the transistors not only remain fully functional, but, as a 
result of the neutral-plane fabrication, there is virtually no perform- 
ance degradation even at 233% tensile strain. Figure 5e shows on- 
current, mobility and threshold voltage as functions of compressive 
and tensile strains. The maximum compression is determined by the 
pre-strain of the elastomer and the packing density of the out-of-plane 
folds. No irreversible degradation was observed during the experi- 
ment. The corresponding transfer curves (Fig. 5f) demonstrate the 
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superior mechanical stability of our hybrid gate dielectric: no increase 
in gate leakage current was observed. In a biaxially pre-stretched elasto- 
mer, a random network of wrinkles forms on relaxation. These devices 
remain fully functional up to a 35% decrease in area (Fig. 5g); beyond 
this value, the bending strain on the active device becomes too great and 
dielectric breakdown occurs. Because no measures were taken to con- 
trol the formation of wrinkles, we expect selective bonding of the elec- 
tronic foil to the pre-strained elastomer to further improve performance 
in this area. Finally, we explored the mechanical durability of uniaxially 
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stretchable devices by repeated compression and re-stretching to 100% 
tensile strain. An image sequence taken during a stretching cycle is 
shown in Supplementary Fig. 14 and Supplementary Movie 2. Even 
after 200 full cycles the change in device parameters amounts to less 
than 4% (Fig. 5h), which—estimated conservatively—suggests a tgo 
lifetime of more than 1,000 full cycles (to is the number of cycles until 
device parameters degrade to 80% of their initial values). More informa- 
tion on the stretching test setup and additional experimental results is 
given in Supplementary Figs 15-17. 

The technology described here is based on common organic elec- 
tronic manufacturing methods, and enables the fabrication of imper- 
ceptible electronic systems containing integrated circuits, sensors and 
power supplies. At only 2 um total thickness, these electronic devices 
are extremely lightweight and minimize electronic waste; like plastic 
wrap, they are easily applied to curvilinear and dynamic surfaces and 
can therefore be used in consumer and mobile electronic appliances, 
architectural design, robotics, emergency response, sports, healthcare 
and biomedical systems. 


METHODS SUMMARY 


PET sheets (thickness 125 um) covered with a thin polydimethylsiloxane layer 
served as supporting substrates to ease handling of the 1.2-m PEN foil for 
laboratory-scale device fabrication. The PEN film (obtained from Teijin Dupont 
Films, Japan) adheres to the supporting substrate only by weak van der Waals 
forces, which readily enables all subsequent processing steps (vacuum evapora- 
tion, anodization and chemical vapour deposition). After fabrication, the devices 
can be peeled off the supporting stack without causing damage. Critical for low- 
voltage, high-performance OFETs on very thin, ultra-rough foils is a dense, nano- 
metre-thick gate dielectric layer that can be processed at room temperature. 
Potentiostatic anodization was found to form self-healing nanoscale barrier oxides 
disregarding the substrate roughness. The technique is readily scalable and com- 
plies with industrial ultrathin polymer substrates. 

The position b of the neutral mechanical plane (zero-strain position) of a multi- 
layer stack with the nth layer on top of the first layer on the bottom is given by® 


b= 5 Bit y5-$] [Some (1) 
i=1 Lj=1 i=1 


where £; and t; denote the Young’s moduli and thicknesses of the individual layers. 
For the ultrathin OFETs (1 = 6; 1.2 um PEN/25 nm Al/19 nm anodic AlO,/20 nm 
DNTT/40 nm Au/0.8 to 1 [tm parylene diX-SR) the elastic moduli are Epp = 4 GPa, 
Ea, = 69 GPa, Eaio, = 130 GPa, Epnrr = 2.3 GPa, Eqy = 79 GPa and Eqix.sp = 4 GPa. 
This places the neutral mechanical plane at a distance b of 1.15-1.2 tm from the 
bottom surface of the PEN substrate, near the position of the active OFET struc- 
ture. Future theoretical work should focus not only on wrinkle frequencies and 
amplitudes but also on instabilities in wrinkle geometry at large stretch, as well as 
possible delamination processes of the ultrathin films on elastomeric substrates 
and heat transport in such multilayer systems. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Ultrathin film substrate. PET sheets (thickness 125 1m) covered with a thin poly- 
dimethylsiloxane layer served as supporting substrates to ease handling of the 1.2- 
uum PEN foil for laboratory-scale device fabrication. The PEN film (obtained from 
Teijin Dupont Films, Japan) adheres to the supporting substrate only by weak van 
der Waals forces, which readily enables all subsequent processing steps (vacuum 
evaporation, anodization and chemical vapour deposition). After fabrication, the 
devices can be peeled off the supporting stack without causing damage. 
Thin-film bolometers, temperature sensors and heating elements. Thin-film 
bolometers were fabricated by evaporating a resistive layer of aluminium 100 nm 
thick with 1 mm diameter through a shadow mask onto the 1.2-1m PEN substrate. 
The bolometers have a small heat capacity C = 8 pJ K_', and the temperature coeffi- 
cient of the resistance (TCR) of the aluminium electrode is 0.06% K ’. Efficient 
heat transfer from the thin polymer foil to the copper block heat sink is facilitated 
by a thin layer of a liquid eutectic gallium-indium-tin alloy (galinstan), thus 
demonstrating efficient heat management strategies vital for high-power plastic 
electronic devices*'. The bolometer was connected to a constant-current source 
delivering a current of 16mA through the resistor. The resistance change was 
measured as a voltage decrease in a four-point probe technique configuration”, 
and the temporal voltage decrease was recorded directly with a Tektronix TDS 
520C oscilloscope after amplification by a factor of 30 with an EG&G 5113 voltage 
amplifier. The bolometer was calibrated by measuring the TCR of the resistance 
element on a heating stage. Thermal pulse excitation was performed with a 
Nd:YAG laser at 1,064nm with a pulse length of 10 ns and an adjustable pulse 
energy between 0 and 10 njJ. The transient signals of the bolometer after pulse 
excitation were fitted (according to equations (1) and (2) in Supplementary 
Information) with a thermal diffusivity of D = (7.4 + 0.7) X10 °m*s! (typical 
of PEN polymers). The temperature prefactor AT was adjusted to obtain a best fit 
to the transients, owing to slight variations in the absorbed energy for the consec- 
utive experiments on free-standing films and films coupled to the heat sink. The 
experiments show that heat is transferred to the heat sink very rapidly—on a time 
scale of only 4t = 9 1s (equation (2) in Supplementary Information). For the thin- 
film thermometers and resistive heating elements, gold strips 100 nm thick were 
thermally evaporated through a shadow maskata pressure of 10° mbar anda rate 
of Inms’ '. The strips were 1 mm wide and 1 cm long. Thin copper wires were 
attached to both ends of the gold strips for four-point resistivity measurements 
with a Keithley 2400 source meter. Thermal images were recorded by a NEC 
Thermotracer 7700 with 320 X 240 pixel resolution. 

Thin-film transistors. The gate electrode was prepared by thermal evaporation of 
40 -nm aluminium through a shadow mask at a pressure of 10° ° mbar and a rate 
of 10nms_'. The high-k aluminium oxide gate dielectric layer was formed by 
potentiostatic anodization under ambient conditions. A 0.01 M citric acid mono- 
hydrate (C;HgO7°H,0) electrolyte was prepared with ultrapure (18 MQ cm) water. 
The contacted gates were then immersed in the electrolyte to form the working 
electrode (anode), and a platinum foil served as the counterelectrode. The thick- 
ness of the anodic oxide d,, was determined by the applied anodization potential U 
according to do, = k(U— Ux). The oxide formation factor k is 1.6nm Vv for 
aluminium'”"*. U,, accounts for the naturally occurring passivation layer, which is 
about 2nm, or Uo, = —1.35 V for aluminium. Anodic oxide formation on valve 
metals is a self-inhibiting process; thus, it is self-healing and converges to a uniform 
film thickness for a given potential. Optimal oxide quality is obtained when the 
anodization current drops to a steady-state value of about 1 1A for our geometry, 
and is typically reached within 10 min. Because the liquid electrolyte readily wets 
even a rough, bumpy surface, electrochemical oxidation is a highly reliable method 
of forming a dense dielectric layer, which ultimately decreases leakage currents and 
enables high device yields. To demonstrate the precise scalability of the dielectric 
thickness and thus the operating voltage of the transistor, devices were fabricated 
with oxide 9 nm and 19 nm thick (operated at up to 3 V and up to 5 V, respectively). 
We functionalized the aluminium oxide surface with an n-tetradecyl phosphonic 
acid SAM” to form a suitable interface to the organic semiconductor DNTT and 
decrease the interface trap density. After brief surface activation in oxygen plasma 
(1 min at 100 W), the gates were dipped into a 5 mM solution of the SAM mole- 
cules in propan-2-ol to form a SAM 2 nm thick. Our hybrid gate dielectric layer has 
interface capacities of about 420 nF cm * and about 280 nF cm? for devices with 
9 nm alumina and 19 nm alumina, respectively. Subsequently, 20 nm DNTT was 
evaporated through a shadow mask at a pressure of 10° mbar anda rate of 0.1 As. 1. 
Gold 30 nm thick evaporated through a shadow mask at a pressure of 10° mbar 
anda rate of 1 As~! formed source and drain electrodes with width 500 jum and 
length 40 um for single transistors. We note that our transistor fabrication process 
is compatible with n-type or ambipolar organic semiconductors’, which may 
further expand possible applications of imperceptible electronics by taking full 
advantage of organic complementary circuits and device architectures®**“°. 


Active-matrix tactile sensing foil. The fabrication methods employed for a single 
transistor are readily scalable and require no additional process steps for the 
12 X 12 active-matrix transistor backplane. Transistors with a channel width of 
12,000 jum and length of 20 um provide high on-currents at low operating voltage. 
For the active-matrix transistors, 19-nm anodic alumina was formed. We depos- 
ited parylene diX-SR (about 800 nm thick; Daisan Kasei Co. Ltd) by chemical 
vapour deposition to separate the switching matrix backplane from the sensor 
layer. A green laser marker system (T-Centric SHG Laser Marker; Keyence) was 
used to drill precise, high-resolution vias to the underlying transistors (the typical 
via diameter was 30 um). Interdigitated gold electrodes 100 nm thick with a 30 um 
pitch were evaporated through a shadow mask at a pressure of 10° ° mbar and a 
rate of 1 As” ', and served as resistive tactile sensors. To perceive pressure signals 
from non-conducting objects, a pressure-sensitive rubber sheet (CS57-7RSC; PCR 
Technical Corp.) was laminated on top of the tactile foil. 

Neutral mechanical plane calculation. The position b of the neutral mechanical 
plane (zero-strain position) of a multilayer stack with the nth layer on top of the 
first layer on the bottom is given by® 


Soon] yy 4] / See (1) 
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where E; and t; denote the Young’s moduli and thicknesses of the individual layers. 
For the ultrathin OFETs ( = 6; 1.2 um PEN/25 nm Al/19 nm anodic AlO,/20 nm 
DNTT/40 nm Au/0.8 to 1 jum parylene diX-SR) the elastic moduli are Epp = 4 GPa, 
Ea, = 69 GPa, Eaio, = 130 GPa, Epnrr = 2.3 GPa, Eqy = 79 GPa and Egix sp = 4 GPa. 
This places the neutral mechanical plane at a distance b of 1.15-1.2 um from 
the bottom surface of the PEN substrate, near the position of the active OFET 
structure. 

Compression and stretching. Transistors for the compression/stretching experi- 
ments were fabricated as described above for single transistors but with extended 
gate, source and drain contacts to enable electrical connection for the bending and 
stretching tests. The devices were encapsulated with a parylene layer 0.8-1 jum thick 
that placed the transistors near the neutral plane and protected them from mech- 
anical damage. Transistors for the stretching/compression tests had a channel width 
of 1,000 um and length of 100m. A schematic diagram of the compression/ 
stretching setup together with a picture of the setup is shown in Supplementary 
Fig. 17. A strip of 3M VHB 4905 elastomer was fixed between two clamps and pre- 
stretched. Polyimide tape was used as a rigid delimiter to define the compression 
and stretching zone, and the distance between the two rigid delimiters was mea- 
sured to be exactly 1 cm (defined as Lo). The transistors were then placed on the 
elastomer. The active device area (gate area) of the transistor was 1.75 X 1.5 mm”. 
Together with the gate, source and drain contacts, the transistor occupied roughly 
65% of the 1 cm gap in the compression direction. The transistor was then com- 
pressed by moving the rigid delimiters closer together, thereby allowing the elasto- 
mer to relax, and compressing the device area. The compression zone measured 
2X 1cm’, meaning that the deformation was quasi-linear and quasi-reversible, 
although there was always a small, unintentional biaxial and/or permanent 
deformation due to the viscoelasticity of the elastomer. We defined the compres- 
sion as (Lo — L)/Lo. Shrinking the gap from 10 mm to 3 mm corresponded to a 70% 
compression. The definition of tensile strain used the fully relaxed (smallest) state 
as the starting point. After relaxation to 3 mm, re-stretching to 10 mm gave a tensile 
strain of (10-3 mm)/3 mm; that is, 233% tensile strain. For the biaxially stretchable 
transistors, the elastomer was fixed at all sides and pre-strained by pressing a 1-cm 
cylinder against the bottom surface. The transistor foil was then applied to the top 
surface and the cylinder was lowered, relaxing the elastomer. The change in device 
area was measured by monitoring circular markers on the elastomer. 

Device characterization. Electrical characterization of transistors and active- 
matrix sensing sheets was performed with a Semiconductor Parameter Analyser 
(Agilent B1500A) under ambient laboratory conditions. Thermal stability tests 
were performed under ambient atmospheric conditions. Immersion tests in aque- 
ous solution were performed in saline solution (0.9wt% NaCl; Becton Dickinson 
and Company prepared saline solution, normal (physiological)). Optical micro- 
graphs and three-dimensional topological images were recorded with a Keyence 
VK-9710 ultraviolet laser microscope and a Keyence VHX-2000 digital micro- 
scope. SEM images of wrinkled transistors on the elastic substrate were taken with 
a Hitachi S-4800 Field Emission Scanning Electron Microscope at an acceleration 
voltage of 20 kV after fixing the samples onto a rigid glass substrate and depositing 
a gold layer less than 5nm thick. Cross-sectional SEM (S-5200 Ultra-High 
Resolution FE SEM) and high-resolution STEM (200-kV HD-2700 Cs-corrected 
STEM) images were taken by Hitachi High-Technologies Corporation. Surface 
morphologies were characterized with a NanoScope IIIa (Veeco Instruments) 
atomic force microscope. 
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Heavy solitons in a fermionic superfluid 


Tarik Yefsah', Ariel T. Sommer’, Mark J. H. Ku!, Lawrence W. Cheuk’, Wenjie Ji', Waseem S. Bakr! & Martin W. Zwierlein! 


Solitons—solitary waves that maintain their shape as they propagate—occur as water waves in narrow canals, as light 
pulses in optical fibres and as quantum mechanical matter waves in superfluids and superconductors. Their highly 
nonlinear and localized nature makes them very sensitive probes of the medium in which they propagate. Here we 
create long-lived solitons in a strongly interacting superfluid of fermionic atoms and directly observe their motion. As 
the interactions are tuned from the regime of Bose-Einstein condensation of tightly bound molecules towards the 
Bardeen-Cooper-Schrieffer limit of long-range Cooper pairs, the solitons’ effective mass increases markedly, to more 
than 200 times their bare mass, signalling strong quantum fluctuations. This mass enhancement is more than 50 times 
larger than the theoretically predicted value. Our work provides a benchmark for theories of non-equilibrium dynamics 


of strongly interacting fermions. 


Solitonic excitations are found throughout nature, in proteins and DNA, 
in crystals as dislocations, and generally in the wake of symmetry- 
breaking phase transitions’. In fermionic systems, solitonic defects may 
provide bound states for fermions that often play a crucial role in the 
system’s transport properties. Famous examples are Andreev bound 
states inside vortex cores’, fractionally charged solitons in relativistic 
quantum field theory**, and the spinless charged solitons responsible 
for the high conductivity of polymers’. However, the free motion of 
such defects in electronic systems is hindered by pinning at impurities”*. 
Fermionic superfluids of ultracold atomic gases provide a paradig- 
matic form of quantum matter’ that is free of impurities, where— 
as we show here—real-time dynamics of solitonic excitations can be 
directly observed. 

Superfluids are described by a complex macroscopic wavefunction 
that is rigid against twists of its phase. The ground state of the super- 
fluid thus has uniform phase, and small perturbations propagate as 
sound waves. A nonlinear excitation—the dark soliton—occurs when 
the phase is twisted substantially over a short range. In the extreme 
case of a phase jump by 180°, the wavefunction changes sign and cro- 
sses zero at the location of the jump, creating a stationary black soliton. 
In weakly interacting Bose-Einstein condensates (BECs) all bosons 
reside in the condensate, so the particle density vanishes at a black 
soliton, and is reduced for a moving dark soliton. Solitons in BECs 
have been studied extensively both theoretically and experimentally”®. 
In a series of pioneering experiments, dark solitons have been created 
via phase-imprinting'' “* or in the wake of shock waves'*"”. Collisions 
of two dark solitons’ and soliton oscillations'*'” were observed. Soli- 
tons in weakly interacting BECs are well described as solutions to the 
Gross-Pitaevskii equation, known in other contexts as the cubic non- 
linear Schrodinger equation. 

In fermionic superfluids’°, solitons are phase twists in the wave- 
function of fermion pairs'*”’. For s-wave superfluids, the pair wave- 
function is also known as the pairing gap A(r), which in general can 
depend on the spatial location r. By tuning the interactions between 
fermions, one can access the crossover from Bose-Einstein condensa- 
tion of molecules to the Bardeen—Cooper-Schrieffer (BCS) state of 
long-range Cooper pairs. In the limit of tight molecular pairing, inter- 
actions between molecules are weak and the molecular condensate is 
still described by the Gross—Pitaevskii equation. Stationary solitons 
are thus again devoid of particles. In this limit, the wavefunction for a 
stationary soliton, shown in Fig. 1a, depends on position along the z 


axis as A(z) = Aptanh(z/¢), where Ay is the magnitude of the wave- 
function in the bulk, far away from the soliton, and the soliton width ¢ 
is equal to the healing length of the condensate”. The repulsive inter- 
actions between the molecular bosons can be increased by means of a 
Feshbach resonance, allowing the study of strongly interacting Bose 
gases’. Strong interactions increase the importance of quantum fluc- 
tuations that are present even at zero temperature, leading to a deple- 
tion of the condensate. The uncondensed bosons are expected to fill in 
the soliton notch, the void at the soliton’s position, in order to mini- 
mize their repulsive interaction with the condensate'’*!™. Figure la 
shows the density profile of the bosons localized at the soliton, the so- 
called anomalous mode that is predicted to be the main contribution 
to the density inside the soliton notch*'”’. Similar soliton filling has 
been predicted for BECs in optical lattices, where the effect of inter- 
actions and thus the role of quantum fluctuations is enhanced by 
reducing the particles’ kinetic energy”. 


Description of solitons in the BEC-BCS crossover 


When the interaction strength in the pair condensate becomes of the 
order of the Fermi energy (E;), the composite nature of the molecules 
is revealed. The fermion pair size is now of the order of the interpar- 
ticle spacing, and the system is a crossover superfluid in between the 
BEC and BCS limits of superfluidity’. A unified description for soli- 
tons in fermionic superfluids throughout the BEC-BCS crossover has 
been found within mean-field theory via the Bogoliubov-de Gennes 
(BdG) equation for a spatially varying gap A(z) (refs 19, 26-28): 


(ME -r}eraon}(*)-0(%) 0 


where ft is Planck’s constant h divided by 21, m is the atomic mass, u is 
the chemical potential, o,.),, are Pauli matrices, and u,,(z) and v,,(z) are 
the amplitudes describing the particle and hole character of Bogo- 
liubov quasi-particles of energy E,, (we omit spin indices). The order 
parameter A(z) is related to the quasi-particle amplitudes by the self- 
consistency relation 4(z) = —g )> :Un(z)v.(z), where g is the coup- 
ling strength, tunable via the scattering length a between fermions, 
and * denotes complex conjugation. The BdG equations have been 
shown to reduce to the Gross—Pitaevskii equation for bosonic mole- 
cules in the BEC limit’, where stationary solitons are devoid of part- 
icles. As the interactions are tuned from the BEC to the BCS regime, 
the BdG equations predict an increasing filling of the soliton’’. At the 
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Figure 1 | Creation and observation of solitons in a fermionic superfluid. 
a, Superfluid pairing gap A(z) for a stationary soliton, normalized by the bulk 
pairing gap Ao, and density n(z) of the localized bosonic (fermionic) state versus 
position z, in the BEC (BCS) regime of the crossover, in units of the BEC healing 
length (BCS coherence length) ¢. b, Diagram of the experiment. A phase- 
imprinting laser beam twists the phase of one-half of the trapped superfluid by 
approximately m. The soliton generally moves at non-zero velocity Veciiton: 

c, Optical density and d, residuals (optical density minus a smoothed copy of the 
same image) of atom clouds at 815 G, imaged via the rapid ramp method”, 
showing solitons at various hold times after creation. One period of soliton 
oscillation is shown. The in-trap aspect ratio was A = 6.5(1). e, Radially integrated 
residuals as a function of time revealing long-lived soliton oscillations. The soliton 
period is T, = 12(2)T., much longer than the trapping period of T, = 93.76(5) ms, 
revealing an extreme enhancement of the soliton’s relative effective mass, M*/M. 


Feshbach resonance, in the unitarity limit where the scattering length 
diverges, a substantial part of this filling is due to so-called Andreev 
bound states, localized fermionic states bound to the soliton, also 
known to reside inside vortex cores’. Here, the gas density in the vici- 
nity of the soliton is predicted to be suppressed by 80% of the bulk 
density, as opposed to 100% for solitons in BECs. 

In the BCS limit of weak attractive interactions, the BdG equations 
reduce to the Andreev equation, a Dirac equation where the pairing 
gap A(z) plays the role of a spatially varying mass coupling particles 
and holes? (see Supplementary Information). The same equation des- 
cribes solitons in conducting polymers’. The solution for the pairing 
gap is known’ to be A(z) = Ap tanh(z/égcs), as in the BEC limit, that 
is, it is again represented by Fig. 1a but with € = Cgcg, the BCS cohe- 
rence length. The density profile of the localized state in Fig. 1a here 
represents the fermionic Andreev bound state, as opposed to the den- 
sity of uncondensed bosons in the BEC regime. Solitons in the BCS 
regime are expected to be essentially completely filled in. Indeed, in this 
limit of long-range overlapping Cooper pairs, only a minute fraction 
of particles near the Fermi surface takes part in pairing, and the reduc- 
tion of the pairing gap at the soliton affects the density only very weakly. 


Creating solitons in a fermionic superfluid 


The creation of solitons in a strongly interacting fermionic superfluid 
poses several challenges. First, a superfluid with a soliton is not in its 
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ground state, so the temperature of the gas has to be low enough for 
the soliton not to decay rapidly into thermal excitations. Such dissipa- 
tion can proceed through collisions of the soliton with sound waves, 
leading to its acceleration. When the soliton reaches a critical velocity, 
it is expected to decay into phonons or, in the case of fermionic super- 
fluids, pair excitations’”***°. Second, solitons can generally decay into 
vortices via the so-called snake instability’*"**’”?. In the case of weakly 
interacting BECs in elongated traps, stability requires the chemical 
potential j of the condensate to be not much larger than the transverse 
confinement energy*’. For a Fermi gas, this would require a quasi-one- 
dimensional geometry where the transverse cloud width is one inter- 
particle spacing. As we show below, this is not necessary. Last, for strongly 
interacting superfluids, it is a priori not obvious that solitons are stable 
against quantum fluctuations'®***>*?. 

Here we create and observe long-lived solitons in a strongly inter- 
acting fermionic superfluid of °Li atoms near a Feshbach resonance. 
Solitons are created via phase imprinting (see Fig. 1b), a technique 
successfully employed for weakly interacting Bose condensates'*!*"*. 
The superfluid containing typically ~2 x 10° atom pairs is prepared 
in an elongated trap with cylindrical symmetry (axial and radial trap- 
ping period respectively T, = 45-210 ms and T, = 14 ms) and tun- 
able aspect ratio A= T_/T, (ref. 7). A green laser beam far detuned 
from the atomic resonance is masked to shine on one half of the 
superfluid. In a time ¢, the applied potential U, as experienced by a 
single fermion, advances the phase of the superfluid order parameter 
in the exposed region by A¢ = 2Ut/h relative to the unexposed region. 
The time f ~ 35 us is experimentally adjusted in order to create one 
high-contrast soliton. 

In the strongly interacting regime, the soliton does not cause a den- 
sity depletion within our resolution. However, it is tied to a phase twist 
in the pair wavefunction. As in the case of vortices, the pair wave- 
function can be directly observed via a rapid ramp to the BEC side of 
the Feshbach resonance. The ramp converts large fermion pairs into 
tightly bound molecules, empties out the soliton cores and increases 
the soliton width to the final healing length oc 1/,/nmar, where ag is 
the scattering length at the final magnetic field and my, the density of 
molecules. The rapid ramp followed by time-of-flight expansion thus 
enhances the soliton contrast and acts as a magnifying glass (for details, 
see Supplementary Information). 

Figure 1c and d report the observation of solitons in a fermionic 
superfluid prepared at 815 G (close to the 832 G Feshbach resonance) 
for various hold times following the phase imprint. Here, the inter- 
action parameter at the cloud centre is 1/kpa = 0.30(2), where a is the 
scattering length and kp = (3n7n)'” is the Fermi wavevector, related 
to the total central fermion density n and the Fermi energy Ep= 
hk; ] 2m. Figure 1c shows the optical density in absorption images 
taken after time of flight and the rapid ramp to ~580 G, while Fig. 1d 
displays residuals obtained by subtracting a smoothed copy of the 
same absorption image. The optical density contrast of solitons is 
about 10% (see Supplementary Information). A sequence of radially 
integrated residuals as a function of time is displayed in Fig. le, dem- 
onstrating the soliton to be stable for more than 4s or 100,000 times 
the microscopic timescale //E,, the Fermi time. This establishes that 
solitons in fermionic superfluids can exist as stable and long-lived 
excitations that do not decay despite strong quantum fluctuations. 


Soliton oscillations 

The solitons are observed to undergo oscillations in the harmonically 
trapped superfluid, demonstrating their emergent particle nature. The 
motion is toa high degree deterministic, as soliton positions for different 
realizations of the experiment at varying wait times lie on the same 
classical sinusoidal trajectory. The force on the soliton is provided by 
the trapping force experienced by the atoms missing in the soliton, 
N,mo2z = Mo?z, where w, = 2n/T-, |N,| is the number of missing 
atoms, and M = N,m <0 the bare mass of the soliton. M is negative 
as the soliton is a density depletion. Introducing the effective, or 


25 JULY 2013 | VOL 499 | NATURE | 427 


©2013 Macmillan Publishers Limited. All rights reserved 


ARTICLE 


inertial mass of the soliton M*, this force causes an acceleration 


Z=— es wz. Because we observe oscillations, M* must be negative 


as well, implying that the soliton is an effective particle that decreases 
its kinetic energy as it speeds up. One obtains a direct relation”® 
between the relative effective mass M*/M and the normalized soliton 


period T,/T,: 
Me TTY 
M (=) (2) 
z 


The observed soliton period of oscillation T, is about one order of 
magnitude longer than the trapping period T, for single atoms. This 
directly indicates an extreme enhancement of the relative effective 
mass. In general, the difference between the effective mass M* and 
the bare mass M of the soliton arises from the phase slip A across the 
soliton, which implies a superfluid counterflow”®. For the soliton to 
move, an entire sheet of atoms thus has to flow past it. The difference 
M — M* is the mass of that sheet, given by the mass density multiplied 
by the entire soliton volume. In contrast, the soliton’s bare mass M is 
only due to the mass deficit of |N,| atoms and can become much 
smaller in magnitude than M* when the soliton is filled. For weakly 
interacting BECs, where solitons are devoid of particles, the effective 
mass is still of the same order of the bare mass, (M*/M) pec = 2. This 
leads to an oscillation period that is only \/2 times longer than T, 
(refs 20, 35), as has been observed in experiments'*””. In the BCS limit, 
where only a minute fraction 49/Ep of the gas contributes to Cooper 
pairing, |N.| « Ao/Ep « exp[—1/(2kg|a|)] and thus the soliton’s rela- 
tive effective mass can be expected to become exponentially large. 
Indeed, as shown in Fig. 2, we find that the soliton period, and hence 
the relative effective mass, increases dramatically as the interactions 
are tuned from the limit of Bose-Einstein condensation (Fig. 2a) 
towards the BCS limit. At 700 G, where 1/kpa = 2.6(2), the system repre- 
sents a strongly interacting Bose gas of molecules’. The soliton period 
is T, = 4.4(5)T-, already three times longer than in the case of a weakly 
interacting BEC. At the Feshbach resonance (Fig. 2d), we measure a 
soliton period of T, = 14(2)T,, corresponding to a relative effective 
mass of M*/M = 200(50). This is more than 50 times larger than the 
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Figure 2 | Soliton oscillations in the BEC-BCS crossover. Shown are soliton 
oscillations in a trapped fermionic superfluid for various magnetic fields B 
around the Feshbach resonance. a—d, The soliton period is observed to 
markedly increase as the system is tuned from the BEC regime (a) to the 
Feshbach resonance (d). The measured period (T;/T,), magnetic field (B in G) 
and interaction parameter at the cloud centre 1/kga were respectively: a, 4.4(5), 
700, 2.6(2); b, 7.5(9), 760, 1.4(1); ¢, 12(2), 815, 0.30(2); d, 14(2), 832, 0. The 
initial atom number per spin state (No), its decay rate (t in s) and Thomas- 
Fermi radius after time of flight (Ry; in jum) range respectively from: 1.1 X 10°, 
1.2(2), 135 at B= 700G to 2.3 X 10°, 12(1) and 200 on resonance. The aspect 
ratio is 2 = 6.2(7). Note that at B = 700G, the superfluid is short lived due to 
enhanced three-body loss. At 760 G (b), the soliton survived for more than 6 s, 
comparable to the lifetime of the superfluid at that field. 
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result of mean-field BdG theory in three dimensions”*”* that predicts 
M*/M = 3. Note that the superfluid is fully three-dimensional: on 
resonance, the chemical potential u ~ 35h , , where w , is the radial 
trapping frequency. Still, for very elongated traps, one expects to reach a 
universal quasi-one-dimensional regime where the tight radial confine- 
ment is irrelevant for propagation along the long axis*’. This prompted 
us to study the dependence of the soliton period on the aspect ratio of 
our trap. 

Figure 3 summarizes our measurements for the soliton period and 
the relative effective mass as a function of the interaction parameter 
1/kza throughout the BEC-BCS crossover, for aspect ratios 2 = 3.3, 
6.2 and 15. The strong increase of M*/M towards the BCS regime is 
observed for all trap geometries. The normalized soliton period T,/T, 
appears to converge to a limiting value for the most elongated trap: the 
normalized period changes by only 15% as the aspect ratio is increased 
by more than a factor of two from 6.2 to 15. This indicates that the 
soliton dynamics approach a universal quasi-one-dimensional limit. 
Even in a much less elongated trap with 2 = 3.3(1), the soliton period 
is only slightly increased by about 30% compared to A = 6.2, accom- 
panied by an increased susceptibility of the soliton towards bending or 
‘snaking’’°’*> (for examples, see Supplementary Information). 

We attribute the large relative effective mass M*/M in the strongly 
interacting regime to the filling of the soliton with uncondensed fer- 
mion pairs resulting from strong quantum fluctuations. Similar filling 
with uncondensed particles has been predicted for solitons in strongly 
interacting Bose condensates’®***>”*, A substantial filling of the soli- 
ton will reduce the number |N,| of atoms missing inside the soliton, 
therefore considerably weaken the restoring harmonic force from the 
trap and strongly increase M*/M. At the Feshbach resonance, our in 
situ density profiles provide a lower bound on the soliton filling of 
90%, compared to the expected 20% from mean-field theory (see 
Supplementary Information). Mean-field theory for the BEC-BCS 
crossover heavily underestimates the role of quantum fluctuations 
already on the BEC side, where it predicts a fraction of uncondensed 
bosons that scales as na® instead of the correct V/na? scaling’. Our 
experiment thus directly reveals the importance of beyond mean-field 
effects for the dynamics of strongly interacting fermionic superfluids. 
Significant soliton filling was found theoretically in a strongly inter- 
acting relativistic superfluid using methods from string theory”. 
For the resonantly interacting Fermi gas, a theoretical study based on a 
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Figure 3 | Soliton period and effective mass versus interaction strength in 
the BEC-BCS crossover. The normalized soliton period T,/T, is shown as a 
function of the interaction parameter 1/k;a in the cloud centre, for three 
different trap aspect ratios: A = 15(1) (black circles), 6.2(7) (red diamonds) and 
3.3(1) (orange squares). The error bars correspond to the typical spread over 
five measurements, and the solid lines are guides to the eye. The soliton period 
strongly increases from the BEC regime towards the Feshbach resonance 
(vertical dotted line), where T,/T, = 12(2) for 2 = 15(1), and to the BCS side. 
This directly reflects an extreme enhancement of the relative effective mass 
M* /M=T? /T2, which we attribute to strong quantum fluctuations and filling 
of Andreev bound states. The result for a weakly interacting BEC, T,/T; = V2, 
is shown as the dashed line. The star marks the mean-field prediction”® at 
unitarity M* /M=T?/T? =3. 
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density functional approach found solitons with clear filling in the wake 
of shock waves*’. The strong increase of the soliton period is reminiscent 
of the situation for dark-bright solitons in weakly interacting BECs, 
where a distinguishable atomic species or another spin state resides 
inside the soliton notch’***, For fermions, mean-field theory in the 
strongly interacting regime attributes a substantial part of the soliton 
filling to Andreev bound states'’****. These are also predicted to carry 
the dominant fraction of the superfluid flow across the soliton, which 
can be regarded, in its rest frame, as a Josephson junction of vanishing 
barrier height’’. It will be an interesting topic for future experiments to 
determine the contribution of Andreev states to the soliton filling. 


Temperature dependence 


To demonstrate that the slow soliton oscillations are a truly quantum 
effect and not due to the finite temperature of our gas, we investigated 
the soliton motion as a function of temperature for the unitary Fermi 
gas at the Feshbach resonance (Figs 4 and 5). A measure of tempera- 
ture is provided by the thermal fraction, the number of uncondensed 
molecules observed after the rapid ramp. The soliton period is found 
to be insensitive to changes in temperature within the measurement 
uncertainty (Fig. 5a). 

The stability of solitons is, however, strongly affected by thermal 
effects. At low temperatures, the soliton oscillation occurs essentially 
without energy loss, demonstrating dissipationless flow (Fig. 4a). For 
increasing temperature, we observe anti-damping of soliton oscilla- 
tions (Fig. 4b). This is characteristic of a particle with negative mass 
that can lower its energy by accelerating. To our knowledge, such anti- 
damping of solitons has not been directly observed previously in a 
quantum gas experiment. The energy loss is likely to be due to colli- 
sions with thermally induced phonons", and we indeed observe a 
strong decrease in the anti-damping time constant as the temperature 
is raised (Fig. 5b). At even higher temperatures, the soliton’s position 
becomes less reproducible (Fig. 4c) and its lifetime is strongly reduced 
(Fig. 5c). Concurrently, we observe increased axial fluctuations in the 
superfluid (see Fig. 4d—f), some of which appear to have comparable 
contrast to the imprinted soliton. These additional solitons might be 
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Figure 4 | Soliton motion in the unitary Fermi gas at various temperatures. 
a-c, Soliton trajectories for increasing temperature, with thermal fractions 

a, 7(2)%, b, 9(2)% and c, 15(3)%. The error bars indicate the standard deviation of 
typically five repetitions and the solid lines are fits to the data to the anti-damped 
sinusoidal function f(t) « exp(t/t,) sin(2nt/T, + $). Whereas the period is found 
to be independent of temperature within our uncertainty, the anti-damping time 
decreases from t,/T, = 5(2) for the coldest clouds (a) to t,/T, = 1.3(5) for the 
hottest ones (c). d-f, Representative optical densities (left) and residuals (right) of 
the superfluid after the rapid ramp. Whereas at low temperatures, the soliton is 
the only significant density variation, at higher temperatures transverse stripes 
appear that we tentatively interpret as thermal solitons. 
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‘thermal solitons’, predicted to occur even in equilibrium in weakly 
interacting Bose condensates™. Similar to vortex—anti-vortex pairs in 
two dimensions, soliton-anti-soliton pairs can be expected to spon- 
taneously break in one dimension and proliferate. 

We note that on resonance, the fastest solitons we observe move 
at the exceedingly slow speed of 0.50 mms | or 5% of the (indepen- 
dently measured) speed of sound on resonance. Their sudden dis- 
appearance, observed for example in Fig. 4c, can thus not be related to 
motion close to the Landau critical speed. Instead, their decay might 
be tied to inelastic collisions with thermal solitons, as soliton collisions 
have been found to become increasingly inelastic towards the BCS 
side in theoretical simulations**. Another possibility for their decay at 
such low speeds is that the soliton’s energy dispersion has a minimum 
at an unexpectedly small fraction of the critical velocity**. One might 
expect fermion pairs to break at finite temperatures and fill in the soli- 
ton, in addition to quantum fluctuations. However, even for the highest 
thermal fraction where solitons have been observed, the actual tem- 
perature is determined to be below T = 0.10E¢/kg (kg is the Boltzmann 
constant), while the bulk pairing gap is about 4) = 0.4E, (ref. 45). Pair 
breaking should thus still be exponentially suppressed, explaining the 
insensitivity of the soliton period to the thermal fraction. 


Conclusion and outlook 


We have created and observed long-lived solitons in a strongly inter- 
acting fermionic superfluid. Their period of oscillation and thus their 
relative effective mass increases markedly as the interactions are tuned 
from the BEC limit of tightly bound molecules towards the BCS limit 
of long-range Cooper pairs. This signals strong, beyond mean-field, 
effects, which are likely to be due to uncondensed fermion pairs filling 
the soliton, in addition to purely fermionic Andreev bound states. Our 
study provides an important quantitative benchmark for theories 
of non-equilibrium dynamics of strongly interacting Fermi gases. 
An exciting prospect is to directly detect the Andreev bound states 
spectroscopically’**°. Although they are not topologically protected, 
their lifetime should equal that of the soliton—many seconds or 100,000 
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Figure 5 | Effect of finite temperature on soliton motion. a, The soliton 
period is found to be insensitive to temperature. b, The 1/e anti-damping time 
and c, the soliton lifetime, are found to be strongly dependent on the thermal 
fraction. The soliton lifetime is defined as the time when the probability of 
observing a soliton decreased to 50%. The dashed lines are guides to the eye. 
The horizontal error bars indicate the standard deviation of the thermal 
fraction within a data set. The vertical error bars in a represent the typical 
spread over five measurements, those in b result from the contribution of the 
fitting error on Tt, and the error on T,, and those in ¢ reflect the time difference 
between having 90% and 10% survival probability. 
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Fermi times—so that they might become a useful quantum resource. 
In the presence of spin imbalance, the soliton represents a limiting case 
of the long-sought Fulde-Ferrell-Larkin—Ovchinnikov state of mov- 
ing Cooper pairs**. Indeed, it is energetically favourable for an excess 
fermion to reside inside a soliton rather than inside the bulk super- 
fluid. Although it is difficult to realize the Fulde—Ferrell—Larkin- 
Ovchinnikov state in equilibrium, direct engineering of soliton trains 
might produce a long-lived metastable analogue. 


METHODS SUMMARY 


Preparation. The atomic gas is composed of a balanced mixture of the two lowest 
hyperfine states of °Li initially prepared at 760 G (ref. 7). The trapping potential 
results from the combination of a magnetic field curvature providing harmonic 
confinement in the axial direction and an optical dipole trap (wavelength 1,064 nm) 
providing tighter radial confinement. The axial periods are T, = 210 ms, 95 ms 
and 45 ms, respectively, for the three aspect ratios considered here. 

Phase imprinting. A step-like intensity profile is imprinted ona laser beam (wave- 
length 532 nm, power ~200 mW) by means ofan opaque mask. A 3-|1m-resolution 
imaging system projects the intensity distribution at the mask location onto the 
atoms (the beam waist at the atoms is 60 j1m). A phase twist of m corresponds toa 
pulse time of about 30 ks, much shorter than the timescale f/1 associated with a 
typical chemical potential, of the order of few 100 1s. The pulse duration is finely 
adjusted to yield exactly one soliton with high contrast observed after the rapid 
ramp. Because we imprint only a phase step but not a density depletion, sound 
waves must be generated in addition to the soliton'"'*. The sound waves are found 
to die out in a quarter axial trapping period when they have reached the edge of the 
atom cloud (see Supplementary Information). For the data above 760 G, the soli- 
ton is created at 760 G and the magnetic field is subsequently ramped (in about 
2T-) to the final magnetic field where the soliton motion is studied. For final 
magnetic fields below 760 G, the soliton is created at that field. We found that 
solitons can be created directly at the Feshbach resonance as well. 
Thermometry. Thermometry from fits of density profiles at the Feshbach res- 
onance to the known equation of state’ yielded an upper limit of T = 0.05Ep/kg 
= 10nK ~ 3hq , for our lowest temperatures, where w , = 27/T ,. At such low 
temperatures, far below the critical temperature for superfluidity, thermometry 
via fitting is less sensitive to small changes in temperature’. We therefore use the 
thermal fraction of molecules observed after a rapid ramp to the BEC side of the 
Feshbach resonance as a robust thermometer’. 
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Solving the Martian meteorite age conundrum using 
micro-baddeleyite and launch- generated zircon 


D. E. Moser’, K. R. Chamberlain’, K. T. Tait, A. K. Schmitt‘, J. R. Darling't, I. R. Barker! & B. C. Hyde® 


Invaluable records of planetary dynamics and evolution can be recov- 
ered from the geochemical systematics of single meteorites’. However, 
the interpreted ages of the ejected igneous crust of Mars differ by up to 
four billion years'*, a conundrum’ due in part to the difficulty of 
using geochemistry alone to distinguish between the ages of formation 
and the ages of the impact events that launched debris towards Earth. 
Here we solve the conundrum by combining in situ electron-beam 
nanostructural analyses and U-Pb (uranium lead) isotopic measure- 
ments of the resistant micromineral baddeleyite (ZrO.) and host 
igneous minerals in the highly shock-metamorphosed shergottite 
Northwest Africa 5298 (ref. 8), which is a basaltic Martian meteorite. 
We establish that the micro-baddeleyite grains pre-date the launch 
event because they are shocked, cogenetic with host igneous minerals, 
and preserve primary igneous growth zoning. The grains least affected 
by shock disturbance, and which are rich in radiogenic Pb, date the 
basalt crystallization near the Martian surface to 187 + 33 million 
years before present. Primitive, non-radiogenic Pb isotope composi- 
tions of the host minerals, common to most shergottites'*, do not 
help us to date the meteorite, instead indicating a magma source 
region that was fractionated more than four billion years ago” to 
form a persistent reservoir so far unique to Mars'”. Local impact 
melting during ejection from Mars less than 22 +2 million years 
ago caused the growth of unshocked, launch-generated zircon and 
the partial disturbance of baddeleyite dates. We can thus confirm 
the presence of ancient, non-convecting mantle beneath young vol- 
canic Mars, place an upper bound on the interplanetary travel time of 
the ejected Martian crust, and validate a new approach to the geochro- 
nology of the inner Solar System. 

A puzzle in Martian science is that basaltic shergottites yield whole- 
rock and non-radiogenic mineral Pb-Pb isotopic compositions consist- 
ent with a primary Noachian (approximately four billion years (Gyr) 
ago) age for crystallization*, whereas mineral isochrons consistently 
return ‘young’ late-Amazonian (<0.6 Gyr) ages’. Resolution of this 
shergottite “age conundrum” by U-Pb dating of microcrystals of the 
accessory phase baddeleyite (ZrO) has been pursued*®, although the 
small target sizes pose technical challenges. Questions persist as to 
whether the young dates reflect magmatism or disturbance by meta- 
morphic events on Mars, including shock metamorphism before and 
during meteorite ejection*’”. Shock experiments aimed at resolving the 
conundrum predict that shock unloading and the attendant heating do 
not cause significant Pb-loss from baddeleyite, although it is acknowl- 
edged that experiment shock loading paths may not be entirely ana- 
logous to nature’’. Similar experiment-based predictions were made 
for the mineral zircon, but these did not apply to natural samples where 
shock heating and related fluid activity were significant’*. Here we 
combine in situ U-Pb and Pb-Pb isotopic analyses, including the recently 
developed technique of secondary ion mass-spectrometry (SIMS) micro- 
baddeleyite dating’*’’, with chemical and microstructure data obtained 
with electron nanobeam techniques including cathodoluminescence and 


electron backscatter diffraction (EBSD) that can reveal baddeleyite para- 
genesis and degree of alteration by shock processes'* before dating. We 
have focused on micro-baddeleyites from shergottite NWA 5298 (ref. 8), 
accession number M53387 from the Royal Ontario Museum’s meteorite 
collection, one of the most highly shocked shergottites, to demonstrate 
our methodology for resolving primary and shock-related age records. 
Meteorite NWA 5298 is an enriched basaltic (diabasic) shergottite 
exhibiting a primary igneous texture, which, apart from its relatively 
oxidized state, is chemically similar to other basaltic shergottites 
including Shergotty, Zagami and Los Angeles*. It is an unbrecciated, 
highly shocked igneous rock that probably crystallized from a thick 
lava flow. Partial breakdown of pyroxferroite to fayalite suggests 
reheating by a later event such as overlying lava flow or shock heating’. 


—— Ja 


Zircon 


Baddeleyite 


Figure 1 | Nanostructural data for Martian baddeleyite grains showing 
igneous growth zoning, shock state and launch-generated reaction rim of 
unshocked zircon. a, Secondary electron micrograph of euhedral micro- 
baddeleyite Grain 16 after partial (upper left) ablation by SIMS. We note 

its granular texture, caused by shock metamorphism. b, Cathodoluminescence 
image revealing planar trace-element banding typical of igneous crystallization, 
and zircon rim (magenta) on the side of the grain nearest to a quenched melt 
pocket. c, False-colour element map based on X-ray energy dispersive 
spectroscopy showing baddeleyite (pink), zircon rim (red) and host 
maskelynite (green). d, EBSD band contrast (diffraction signal strength) map 
(50 nm step size) indicating weak diffraction in all phases, owing to shock, 
except for the unshocked zircon rim crystallites (red) that grew during the 
launch from Mars (the inset shows a representative electron backscatter 
diffraction pattern for zircon). 
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Pervasive maskelynite indicates shock pressures of at least 29 + 1 GPa 
and as high as 80 GPa (ref. 8). Baddeleyite grains range in size from 
2|um to 30}1m in the longest dimension, and occur as euhedral to 
subhedral elongate to blocky grains intergrown with, or at the bound- 
aries of, larger main-phase minerals, occasionally near quenched melt 
pockets (such as Grain 16; see Fig. 1 and Supplementary Figs 1 and 3). 

Scanning electron microscopy/cathodoluminescence imaging of 
submicrometre variations in trace-element chemistry revealed several 
zoning types. Most grains exhibit narrow, bright blue rims surrounding 
a dark core of weak, broadly concentric, discontinuous, linear zoning. 
A subset of grains, often with subhedral to euhedral outlines, exhibits 
oscillatory planar growth banding that is parallel to straight grain mar- 
gins or forms triangular sector zoning (Fig. 1b). We report similar sector 
zoning in igneous micro-baddeleyite from an unshocked terrestrial 
gabbro sill (Supplementary Fig. 2). Common to the exterior surfaces 
of many grains is a discontinuous and very narrow rim of zircon, up toa 
few micrometres in width, identified initially by X-ray energy mapping 
and confirmed by EBSD (Fig. 1c, d; Supplementary Table 1). In many 
cases the zircon also fills thin fractures within the micro-baddeleyite. 
Zircon luminesces in the ultraviolet range and has replaced baddeleyite 
or grown outward from the baddeleyite grain margin along shock 
microstructures attributable to post-shock decompression’. 

Structural alteration of the baddeleyite grains by shock is indicated by 
high-magnification secondary electron and backscatter electron imaging 
of grain interiors, which reveals roughly equant granules with diameters 
of about 0.1 [1m or less (see Fig. 1a). Electron diffraction patterns are 
sensitive to lattice disorder, as seen in Apollo lunar zircon'*, and here 
EBSD mapping at maximum resolution (50 nm) indicates that badde- 
leyite crystallinity is degraded, and lattice orientation is variable, at length 
scales below 50 nm. The grains appear nearly as amorphous as the host 
maskelynite glass (Fig. 1d) generated by the Martian impact and launch 
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event®. The only unshocked mineral identified, other than quenched melt 
pockets, are the zircon rims that crystallized around shocked micro- 
baddeleyite. High-magnification backscatter electron and EBSD analysis 
of the zircon (Fig. 1d; Supplementary Table 1) failed to show any evidence 
of shock microstructures such as planar features, curviplanar features, 
shock microtwins”’ or reidite (the high-pressure ZrSiO, polymorph). 
Low-magnification imaging of baddeleyite Grain 16 reveals a spatial 
correlation between the site of zircon growth and the Si-enriched margin 
of a quenched melt pocket (Supplementary Fig. 3), the latter a common 
feature of this strongly shock-heated and rapidly cooled shergottite. 

SIMS analysis (n = 20; all uncertainties at 20 confidence level) of 15 
grains of partially amorphous baddeleyite, all but one (G2457) rimmed 
by post-shock zircon, revealed relatively low U abundance (about 50 
parts per million, p.p.m., to 300 p.p.m.) compared to the reference stand- 
ard, and proportions of radiogenic Pb that range widely from 97% to 
19% (Supplementary Table 2). The U-Pb data (corrected for common 
Pb measured in neighbouring minerals) form an array parallel to the 
Tera-Wasserburg concordia, ranging between 227 + 18 million years 
(Myr) and 22 + 2 Myr in apparent age (Fig. 2, Supplementary Table 
2), indicative of varying degrees of recent Pb loss. A broad correlation 
exists between microstructure and *°°Pb/***U dates in that the four 
grains with preserved igneous zoning are among the six oldest badde- 
leyite dates, with the oldest grain (G2457), which is unzoned and 
intergrown with pyroxene, lacking a reaction rim of post-shock zircon. 
Together, these data are characteristic of an igneous population of 
uniform age which has experienced variable degrees of recrystalliza- 
tion, reaction to zircon, and single-stage Pb loss during locally intense 
shock metamorphism. 

Our best estimate of the magmatic crystallization age is obtained 
from the three grains which yielded both the oldest and least disturbed 
2°°Pb/*?*U dates (169 + 16 Myr to 227 + 18 Myr) and also the highest 
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determined by others*”’, and are a signature of 
mixing of modern terrestrial Pb with Pb from an 
ancient U-depleted reservoir unique to Mars’” that 
was inherited by the 187 + 33-Myr-old magma and 
NWA 5298. 
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Figure 3 | Three-stage evolution of Martian crust recorded by basaltic 
shergottite NWA 5298, based on geochemical and nanostructural 
observations. a, Digital elevation map of Mars showing the hemispheric 
dichotomy caused by an early giant impact” about 4 Gyr ago, which is one of 
the processes that may have preserved extremely depleted, ancient mantle 
reservoirs. b, An igneous event at 187 + 33 Myr (0.2 Gyr) sourced by non- 
convecting, depleted mantle, most probably due to endogenic hotspot 
volcanism (for example, Tharsis Montes). The inset shows igneous 
cathodoluminescence zonation in micro-baddeleyite in the region of 

NWA 5298 least affected by the later shock event (scale bar, 5 um). ¢, Spallation 
of parent body of meteorite NWA 5298 and other ejecta by oblique impact on 
Mars at some time after 22 + 2 Myr ago. The second inset shows ejectic zircon 
filling shock microstructures (scale bar, 5 1m) owing to shock-triggered Si 
release during cooling and the launch toward Earth (Supplementary Fig. 2). 


proportions of radiogenic Pb (68% to 96%), such that the 206Dp/?8U 
dates are least affected by uncertainty in the common Pb correction. 
On the basis of the weighted mean of the 206Pb/**8U dates (n = 4), the 
best interpretation of the age of baddeleyite and Martian magma crys- 
tallization is 187 + 33 Myr (Fig. 2a). This is consistent with many 
mineral isochrons from previous studies such as the value of about 
200 Myr obtained from high-precision measurements for Shergotty, 
Zagami and EETA 79001 (ref. 1) (Fig. 2b) and more recent, less precise 
laser and ion probe results for phosphates or baddeleyite in other 
shergottites**"”. The Pb-Pb data for baddeleyite have a scalene tri- 
angular distribution (Fig. 2b) that indicates three-component mixtures 
of radiogenic Pb with terrestrial common Pb and Martian common Pb 
from surrounding mineral phases and surfaces. The y-axis intercept of 
this distribution corresponds to *°’Pb/”°°Pb model ages of 419 Myr 
and 0 Myr if regressed through fixed end-member compositions of the 
most non-radiogenic known Martian Pb (ref. 20) and modern terrest- 
rial Pb, respectively (Fig. 2b). The associated model age uncertainties 
are comparatively large (hundreds of millions of years) with respect to 
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the U-Pb geochronology, yet the data are useful for resolving the age 
conundrum in that they are insensitive to shock-induced isotopic 
disturbance, and are clearly impossible with regard to a 4-Gyr crystal- 
lization age (Fig. 2b). 

The isotopic values of common Pb measured in igneous phases 
(Supplementary Table 3) are also explicable as mixtures of modern 
terrestrial Pb and primitive Martian Pb (Fig. 2b). Values for pyroxene, 
maskelynite and titanomagnetite, as well as a melt pocket, overlap the 
linear array defined by mineral and whole-rock Pb-Pb values from all 
other basaltic shergottites*’’”°, with the least radiogenic Pb value for 
maskelynite approaching the most primitive known shergottite value”’. 
The slope of the array therefore has no age significance” except that the 
primitive Pb composition signifies an ancient fractionation event in the 
first several hundred million years of Martian evolution’”’. The prim- 
itive Pb of NWA 5298 and other shergottites is therefore best explained 
as a chemical signature inherited from the upper mantle that melted 
to form the shergottite parent magma, rather than the age of magma 
crystallization itself”®. 

Many workers have pointed out that parts of the upper mantle of 
Mars must have maintained very low***U/?™Pb values'*”, and been 
chemically isolated—resisting convective mixing since early in 
Martian evolution. Proposed causes of extreme fractionation of early 
Mars range from crystallization of an early magma ocean to early 
partial melting of the planet*’, perhaps influenced by later planet-scale 
impact melting” (Fig. 3a). An ancient source for shergottite magmas is 
further supported by the preservation of early geochemical signatures 
such as their '**w/"**w, '*°Nd/'“4Nd and '*’Re/'®’Os isotopic com- 
positions'®''”*, The upper-mantle source region(s) for shergottites** 
are therefore ones that have been tectonically static, but punctuated by 
large volumes of recent, concentrated melting. A good analogue are the 
flanks of the Tharsis Montes at the equatorial bulge of Mars, among the 
largest volcanoes in our Solar System**, which are underlain by sta- 
tionary volcanic super cells that pierce the highly cratered Noachian 
crust at the edge of the Martian hemispheric dichotomy” (Fig. 3b). 
Rayed craters in the Tharsis Montes have been identified by recent 
remote sensing as candidates for one of the launch sites of basaltic 
shergottite meteorites”. 

The shock metamorphism caused by the launch event resulted in 
minor to approximately 80% loss of radiogenic Pb from baddeleyite 
(Fig. 2a), a phenomenon useful for bracketing the age of launch events. 
Such Pb loss is not anticipated on the basis of shock experiments’’, 
which employ time-separated application of static shock and hours of 
post-shock annealing that, perhaps owing to additional differences in 
grain size and porosity, do not reproduce the fine-grained shock heat- 
ing, metasomatic and quench features which we observe. These include 
the unshocked zircon rims around and within fractures of most of our 
baddeleyite grains. The absence of the high-pressure polymorph reidite 
in rim zircon, and the spatial association of zircon with quenched 
pockets of impact melt (Supplementary Fig. 3) is consistent with genesis 
from baddeleyite exposed to post-shock silicic fluids in a relatively low- 
pressure environment—an ideal agent for Pb loss from baddeleyite 
along high-diffusivity pathways created by shock microstructures. 

The Martian origin for shergottites was first suggested on the basis of 
the signature of Martian atmospheric chemistry trapped in quenched 
melt pockets”, here genetically associated with meteorite ejection and 
zircon growth, and it is reasonable to conclude that the zircon grew as 
the Martian fragment was cooling and exiting the atmosphere (Fig. 3c). 
Assuming a present atmosphere thickness of 10 km and a typical ejec- 
tion velocity of 5kms_ ' (ref. 29), the shergottite sample would have 
experienced localized temperature changes of up to around 2,000 °C 
(ref. 7) in seconds, with some variation in cooling rate depending on 
the original size and thermal mass of the ejected body. The rapid pace 
of events in this scenario is consistent with the local preservation of 
primary trace-element (cathodoluminescence) zoning in baddeleyites, 
as well as the extremely thin, micrometre-scale growth of unshocked 
zircon along shock microstructures (Fig. 3c) which we term “ejectic 
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zircon”. The 22 + 2 Myr age of the most shock-reset baddeleyite (G1) 
is therefore an upper limit on launch age and travel time to Earth, 
complementing existing estimates from cosmic ray exposure dating 
(see ref. 2 and references therein). 

Our integrated microstructural and isotopic analyses allow us to 
assign specific geologic events to the three stages of Martian geochem- 
ical evolution recognized in meteorites since the earliest studies’: 
chemical fractionation of the mantle over 4 Gyr ago, relatively recent 
melting of that mantle 187 + 33 Myr ago to cause late-Amazonian 
basalt magmatism, and a recent launch earthward, perhaps from the 
flanks of volcanic systems such as Tharsis Montes, triggered by an 
impact on Mars. Future application of our methodology to Martian 
meteorites and the broader family of planetary and lunar achondrites 
promises a more accurate understanding of the inherent, invaluable 
mineral records of inner Solar System evolution. 


METHODS SUMMARY 


Micro-baddeleyite grains were located in a petrographic thin section of NWA 5298 
by electron beam X-ray mapping. Two subsections were cast in separate epoxy 
mounts (ROM4 and ROM4b) along with the Phalaborwa baddeleyite standard 
(2,060 Myr old)**. Electron nanobeam analyses using secondary electron, back- 
scatter electron, cathodoluminescence and EBSD detector systems (Fig. 1) were 
performed at the University of Western Ontario’s Zircon and Accessory Phase 
Laboratory (ZAPLab) using a Hitachi SU-6600 variable-pressure, field-emission- 
gun scanning electron microscope according to protocols described elsewhere’. 
Electron beam analyses preceded ROM4b SIMS measurements. U-Pb and Pb-Pb 
in situ measurements (ions collected from domains as small as 4 1m) were made 
with the University of California Los Angeles’ CAMECA ims1270 ion microprobe 
using protocols previously described’’. The proportion of common Pb in NWA 5298 
baddeleyite was far higher than that in standards within the same mount (Sup- 
plementary Table 2), and in terrestrial and lunar micro-baddeleyite samples mea- 
sured in the same SIMS session. The elevated common Pb is therefore intrinsic to the 
Martian sample. The ‘blank’ common Pb isotopic composition of the baddeleyite was 
determined from SIMS analysis of neighbouring main-phase minerals and a melt 
pocket (Supplementary Table 3), and a *°*Pb-based method (see Methods) was used 
to correct for common Pb and determine radiogenic U-Pb ratios (Supplementary 
Table 2). The determination of the common Pb composition of main-phase minerals 
by SIMS is described in the Methods. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Additional SIMS U-Pb analytical details. Analytical conditions followed those 
described previously'*'’, using a primary beam of about 20-m diameter and 
oxygen flooding to enhance Pb ionization. Baddeleyite grain lengths ranged from 
8 jum to 32 um, and widths from 2 jim to 12 tm, with aspect ratios as high as 10:1. 
The CAMECA ims1270 field aperture was set to achieve effective, approximately 
square, sampling regions of between 4 |1m and 8 jm to minimize contributions 
from host phases. Pb-isotopic fractionation in SIMS is insignificant relative to the 
level of precision of our measurements, and the agreement between the young Pb- 
Pb intercept and U-Pb ages (Fig. 2) alleviates any concerns that beam overlap onto 
phases other than baddeleyite and zircon could have introduced analytical bias’. 
Post-SIMS imaging confirmed that the ion pits were generally well centred on 
baddeleyite. There is no correlation between **°Pb/?**U date and grain size. 
Moreover, there is no correlation between percentage radiogenic Pb for an analysis 
and its Pb peak intensities normalized to the peak intensity for Zr. If the lower 
radiogenic Pb contents were due to beam overlap with host minerals, then the ratio 
of Pb content to Zr content would be expected to increase (less Zr from the 
baddeleyite, more Pb from the host), but this was not observed. Finally, the 
analyses with the highest Pb/Zr yielded the oldest ages, and those with the lowest 
Pb/Zr yielded the youngest ages. This trend supports our interpretation that the 
range in *°°Pb/**U dates reflects varying degrees of loss of radiogenic Pb. 

SIMS common Pb correction of micro-baddeleyite U-Pb ages. The abundance 
of common Pb detected in the unknowns (baddeleyite) was increased relative to 
terrestrial standard baddeleyite on the same mounts, which necessitated correction 


for common Pb derived from two sources—modern terrestrial Pb from the sample 
surface and Martian Pb intrinsic to the minerals sputtered during micro-baddeleyite 
SIMS analysis. A procedural common Pb ‘blank correction was determined by 
analysing the main-phase minerals pyroxene, maskelynite and titanomagnetite in 
mount ROM4b in the vicinity of the dated baddeleyites, using the same run con- 
ditions as for micro-baddeleyite unknowns. Monitor species gold was used to track 
within-run ratio variations with increasing sputtering depth beneath the coated 
surface, and Pb in a NIST SRM 610 glass cast in the same mount was measured to 
gauge relative Pb concentrations. An average Pb isotopic composition among all 
three phases was then determined, weighted by the intensity of the ***Pb peak. The 
procedural blank composition for the *’*Pb-based correction was determined to be 
28H /?°°Pb = 2.192 and 7°°Pb/*°’Pb = 2.548 (20 confidence levels of 1.7% and 
1.0%, respectively). The ***Pb peak was measured whenever possible, and runs 
where peak detection showed a >20 p.p.m. deviation between the centring values 
for °*Zr,O and uranium oxide were excluded, such that 7“Pb/*°°Pb ratios could 
not be plotted in Fig. 2b. 

SIMS measurement of common Pb isotopic composition of NWA5298. 
Within-run Pb isotopic ratios and intensities during measurement of main-phase 
minerals decreased rapidly along with monitor species gold in the first ten of fifty 
analytical cycles before approaching plateau values. Hence, these plateau values 
(Supplementary Table 3) are our closest approximation to the Martian Pb isotopic 
composition of our sample, and indeed our *°°Pb/?™Pb and *"*Pb/*™Pb ratios of 
15.1 and 33.1, respectively, for the least-radiogenic mineral (titanomagnetite) are 
within the range of whole-rock values for the suite of enriched shergottites’. 
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The under-abundance of very massive galaxies’” in the Universe is 
frequently attributed to the effect of galactic winds**. Although 
ionized galactic winds are readily observable, most of the expelled 
mass (that is, the total mass flowing out from the nuclear region) 
is likely to be in atomic’* and molecular phases””' that are cooler than 
the ionized phases. Expanding molecular shells observed in starburst 
systems such as NGC 253 (ref. 12) and M 82 (refs 13, 14) may facilitate 
the entrainment of molecular gas in the wind. Although shell pro- 
perties are well constrained”, determining the amount of outflowing 
gas emerging from such shells and the connection between this gas 
and the ionized wind requires spatial resolution better than 100 par- 
secs coupled with sensitivity to a wide range of spatial scales, a com- 
bination hitherto not available. Here we report observations of NGC 
253, a nearby” starburst galaxy (distance ~ 3.4 megaparsecs) known 
to possess a wind’*”, that trace the cool molecular wind at 50-parsec 
resolution. At this resolution, the extraplanar molecular gas closely 
tracks the Ha filaments, and it appears to be connected to expanding 
molecular shells located in the starburst region. These observations 
allow us to determine that the molecular outflow rate is greater than 3 
solar masses per year and probably about 9 solar masses per year. This 
implies a ratio of mass-outflow rate to star-formation rate of at least 1, 
and probably ~3, indicating that the starburst-driven wind limits the 
star-formation activity and the final stellar content. 

The ionized wind from NGC 253 emerges from its central ~200 pe 
(Fig. 1), and has a central axis approximately in the plane of the sky 
(inclination i ~ 78°) filling a cone of opening angle 60°, with inclination- 
corrected outflow speeds'* of a few hundred kilometres per second. 
Probably because of obscuration, this central wind region is highly 
asymmetric, with Ha emission predominantly on the approaching 
(front) side of the outflow. Outflow activity extends to ~10 kpc, with 
lobes of Ha, X-ray and ultraviolet emission evident above and below 
the plane of the galaxy’’. Although it is unclear whether NGC 253 hosts 
an accreting black hole”’”’, the corresponding low-luminosity active 
galactic nucleus is not energetically dominant. The NGC 253 outflow 
has the characteristic low velocity of starburst-driven winds”’, and is 
almost certainly driven purely by star formation. Imaging by the 
Hubble Space Telescope (HST) of the central region reveals absorption 
lanes due to dust entrained in the outflow, suggesting that the wind 
may also carry significant amounts of molecular gas. Imaging of the 
cold molecular wind itself, however, has not been performed. 

We imaged the '*CO J = 1-0 transition in the central arcminute of 
NGC 253 using the Atacama Large Millimeter Array (ALMA) located 
in northern Chile. These data were combined with a map obtained 
using a 22-m single-dish radio telescope (Mopra; Supplementary 
Information). The details of the observation and the processing of the 
data can be found in Supplementary Information. The resulting data 
cube has a sensitivity of 6mJy per beam (~54mK) in a 25kms * 
bandwidth and an angular resolution of 0 ~ 3.2”. The Rayleigh—Jeans 


temperature sensitivity of these data is an order of magnitude better 
than that of previous '*CO interferometric imaging’*** of NGC 253 at 
its published resolution. This is not the first molecular wind imaged’, 
but these observations make possible the study of the outflow in unpre- 
cedented detail, allowing us to map the spatially resolved structure of 
the cold phase of the galactic wind using a tracer that can be directly 
related to its mass. 


Figure 1 | The warm and hot phases of the galactic wind in NGC 253. The 
main panel shows the stellar disk of NGC 253 in the Two Micron All Sky Survey 
(2MASS) JHK composite. Inset, the central 2 kpc of NGC 253 shown in false 
colour (soft-X-ray emission, blue; Hx emission, yellow: image obtained at 
CTIO and provided by M. Lehnert). The dashed white circle shows the field 
mapped with ALMA (centred on the reference position: right ascension 

%2099 = 00h 47 min 33.15 s, declination 6999 = —25° 17’ 17.5") witha scale bar 
of 250 pc in the top right corner. The white contours represent CO emission at 
v~150-190kms !and correspond to flux spectral densities S,, = 30, 120, 750 
and 2,500 mJy per beam (Rayleigh-Jeans brightness temperatures T., ~ 0.25, 1, 
7, 22 KX), where the extraplanar streamers south of the central bar illustrate the 
front (approaching) side of the cold molecular wind (see Fig. 2; the contours 
north of the bar correspond to material at normal rotation velocities in the 
galaxy disk). The Ha emission includes material in the wind as well as emission 
from normal star-forming regions in the bar and arms of NGC 253. The X-ray 
image from Chandra’’ shows emission from plasma in the wind as well as point 
sources in NGC 253 and the background. 
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The imaging reveals the presence of previously unknown low-level 
emission features that are approximately perpendicular to the bright 
lane of CO emission in the central region of this barred galaxy (Fig. 2). 
These molecular streamers have surface brightness in the range 30- 
200 mJy per beam. Perhaps the most prominent feature (which we 
name SW) is a ridge of CO emission at velocity v~ 70-250kms * 
emerging on the southwest edge of the optically bright nuclear region, 
coincident with a linear dark dust feature along the western edge of the 
Ha and X-ray outflow (Figs 2 and 3). CO emission also extends south 
from the eastern regions of the nucleus at v ~ 40-140 km s+, which 
we associate with the southeast component of the molecular wind and 
name SE. These features trace an arc almost perfectly aligned with the 
edges of the Hx outflow (Fig. 3), making evident the close spatial 
correlation between the high-emission-measure ionized filaments 
and the molecular gas. The receding side of the galactic wind, invisible 
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Figure 2 | The cool molecular wind in NGC 253. Maps of ALMA CO(1-0) 
observations (white contours) against the Ha background image (red) showing 
the outflow (north is up; east is left; reference coordinates are given in Fig. 1; the 
lower left panel here gives the right ascension and declination offsets). The top 
left panel shows the intensity integrated over all velocities (contours of 

ScoAv = 5, 10, 25, 100, 250 Jy km s | per beam, where Av is the velocity interval 
for the integrated intensity). The other panels are channel maps spanning 
37.5kms 1}, with barycentric velocities indicated in the lower left corner of each 
panel (contours of Sco = 30, 120, 750 and 2,500 mJy per beam). The panels are 
not corrected by field-of-view illumination, hence the signals are depressed 
near the edges of the mosaic. The white bar and white filled ellipse in the top 
right panel represent respectively 250 pc and the synthesized ALMA beam size 
(0 ~ 3.4" X 3”). The dashed circle is the approximate half-power field of view of 
our seven-pointing mosaic. The green circles numbered 1 to 4 show the location 
and extent of the four expanding molecular shells identified in the CO cube. 
The dashed cyan line sketch shown in the channel at 95 km: | illustrates the 
location and shape of the outer bright filaments in the Ha outflow’*. The 
systemic heliocentric velocity of NGC 253 is 243kms ’, and the emission in 
the northern regions at 171-208kms_' corresponds to material rotating with 
the disk. 


LETTER 


+30 


+15 


Oog90 Offset () 
O° 


+30 


+15 0 


Qoo9q Offset () 


Figure 3 | Integrated molecular wind emission in NGC 253. The 
background image is a colour composite of HST J-band (shown blue), HST 
H-band (green), and ALMA CO (red) emission integrated over all velocities 
and corrected for the mosaic illumination (reference position is given in Fig. 1). 
The dashed circle, white bar, white filled ellipse and dashed cyan line are as in 
Fig. 2. The blue and magenta contours show the CO emission in the 
approaching (v ~ 73-273 kms‘) and receding (v ~ 208-356 kms_ ') lobes of 
the outflow, respectively. The region +6” on each side of the galaxy plane has 
been blanked for clarity. The contour levels correspond to S,,Av = 5, 10 and 
30Jykms | per beam. The noise in the central regions of the mosaic is 
~0.3Jykms' | per beam. The green circles illustrate the location and size of the 
expanding molecular shells. 


in Ho and barely hinted at in X-ray emission due to absorption from 
the intervening disk, is apparent in our CO images at velocities v ~ 
240-400kms_ ' as a two-pronged structure (that we name NW1 and 
NW2) located northwest of the nucleus. We see no clear evidence fora 
corresponding northeast component. 

Several of the extraplanar CO features can be traced back in position 
and velocity to molecular expanding shell structures in the starburst region 
of NGC 253, providing clues to the launching mechanisms of the molecu- 
lar wind (Fig. 2). Two of these structures (shells 1 and 3) were found by 
previous CO observations and dubbed ‘superbubbles”*. We find four 
expanding shells, with radii of 60-90 pc, expansion velocities of ~23- 
42kms ', characteristic dynamical ages of ~1.4-4 Myr and molecular 
masses of (0.3-1) X 10’ Mz (where Mq is the solar mass; see Supplemen- 
tary Information). We measure momenta ~(8.5-40) x 10’ Mo kms! 
and energies ~(2-20) X 10°” erg. The large momentum involved in each 
shell suggests driving by the combined effects of multiple stellar winds 
and (at later stages) supernovae originating in young stellar clusters. These 
clusters are not directly observed except perhaps for shell 1 (see below). 
Assuming a steadily driven super-bubble* with mechanical power 
~10” ergs ' for each 10° Mo in the driving cluster, from the shell 
momenta we infer stellar cluster masses of about (6-40) X 10*M a if 
the typical cluster age is teuster~ 3 Myr (that is, before supernovae 
contribute), or lower by a factor ~ (tauster/3 Myr) ‘7° for older clus- 
ters. Shell 1 corresponds to superbubble SB2", and contains a number 
of sources suggestive of compact clusters in the HST WFC3 Paschen B 
archival image (not shown). Shell 3 corresponds approximately to 
superbubble SB1", and exhibits [Fe 11] 1.644 um emission”® coincident 
with a radio continuum compact source’’, presumably a supernova 
remnant. Shells 2 and 4 are located in regions of very high extinction, 
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even in the infrared, that contain no sources in the HST images. It is 
unclear whether shells 3 and 4 are related to features in the wind. 
Simulations of stellar feedback and galaxy winds find that supernovae, 
stellar winds and radiation pressure reinforce each other synergisti- 
cally°. We seem to be seeing these mechanisms in action in NGC 253, 
where the modest expansion velocities of the observed shells probably 
impart the initial momentum to the molecular gas, which is then 
advected into the hot outflowing material. 

We use the observed CO luminosities and velocities to estimate the 
mass, mass loss rate and energetics of the molecular wind. The CO 
luminosity of the four different components identified in the molecular 
wind (SW, SE, NW1 and NW2) adds up to ~2.0 X 10’Kkms ! pe’, 
approximately equally split between the south and north portions 
of the outflow. To compute molecular masses in the wind, we adopt 
an optically thin conversion factor %co ~ 0.34 Mo K ‘km™'s pe’, 
which is about an order of magnitude lower than the value character- 
istic of the Milky Way disk (Supplementary Information). This results 
in a total outflowing molecular mass ~6.6 X 10° Mo, including the 
correction for He abundance. The observed projected velocities for the 
CO wind components are ~30-60 km s _' relative to the nearby emis- 
sion in the nuclear region, with a large de-projection correction due 
to the low inferred inclination’® of the outflow (Supplementary 
Information). These velocities are lower than those of the ionized 
component", suggesting that advection has an important role. The 
projected filament lengths are ~ 120-320 pc, and the implied dynam- 
ical filament ages are ~0.3-1 Myr. 

The resulting total molecular mass outflow rate in the wind is 
My ~9 Mg yr! with considerable uncertainty due to %co and the 
geometrical corrections. Note, however, that most likely corrections 
would yield an increase in the outflow rate over this value, as our 
assumptions lead to a conservative estimate (Supplementary Informa- 
tion). Adopting the %co value used for the central regions of NGC 253 
would increase the outflow rate to M. ww30 Mo yr}, which we con- 
sider a likely upper limit. The star-formation rate in the starburst of 
NGC 253 is ~2.8Mo yr | determined from radio continuum and far- 
infrared measurements”. Obtaining an outflow rate similar to the star- 
formation rate would require decreasing the CO excitation to ~10 K, 
increasing the CO abundance by a factor of 3 or increasing the inclina- 
tion of the outflow to ~45°, or a combination of the above. These are 
possible but extreme corrections for a variety of reasons (Supplemen- 
tary Information). We conclude that My ~3 Mo yr~! is the lower 
bound of the possible molecular outflow rate values, implying as a 
robust result that the wind mass loss is at least equal to the star- 
formation rate and probably a few times higher. 

Consequently, the ratio of mass-outflow rate to star-formation rate, 
n, is certainly =1 from our lower limit, and probably ~3. Recent esti- 
mates based on modelling of unresolved OH absorption spectroscopy” 
suggest My ~1.6 Mo yr~! and possibly as large as 6.4Mo yr |, in 
approximate agreement with our more direct measurements. More 
than 90% of the CO luminosity of NGC 253 is found” within a radius 
<1’ (~1 kpc), and, even after taking into account variations in %co 
between the disk and the starburst, the majority of the molecular gas is 
located in this region. Consequently, the central regions of NGC 253 
will run out of Hz in ~60-120 Myr. 

In general, it is not clear what fraction of the outflowing gas actually 
escapes galaxies, particularly for low-velocity starburst-driven winds 
like that in NGC 253. Most of the baryons ejected by winds may just 
linger in the enriched haloes of star-forming galaxies*®, to later rain 
back to their disks, providing fuel for new episodes of star formation. 
This recycling of baryons constitutes a third mode of galaxy accretion’, 
which may be particularly important in shaping the galaxy mass func- 
tion at intermediate and large galaxy masses*. Our work shows that the 
mass loading of the starburst-driven wind is substantial, supporting 
the importance of recycling. With the advent of ALMA, the capabilities 
for sensitive imaging of the molecular component of galactic winds are 
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dramatically improving, opening a new window onto the life cycle of 
baryons in galaxies. 
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Genome sequencing enhances our understanding of the biological world by providing blueprints for the evolutionary 
and functional diversity that shapes the biosphere. However, microbial genomes that are currently available are of 
limited phylogenetic breadth, owing to our historical inability to cultivate most microorganisms in the laboratory. We 
apply single-cell genomics to target and sequence 201 uncultivated archaeal and bacterial cells from nine diverse habitats 
belonging to 29 major mostly uncharted branches of the tree of life, so-called ‘microbial dark matter’. With this 
additional genomic information, we are able to resolve many intra- and inter-phylum-level relationships and to 
propose two new superphyla. We uncover unexpected metabolic features that extend our understanding of biology 
and challenge established boundaries between the three domains of life. These include a novel amino acid use for the opal 
stop codon, an archaeal-type purine synthesis in Bacteria and complete sigma factors in Archaea similar to those in 
Bacteria. The single-cell genomes also served to phylogenetically anchor up to 20% of metagenomic reads in some 
habitats, facilitating organism-level interpretation of ecosystem function. This study greatly expands the genomic 
representation of the tree of life and provides a systematic step towards a better understanding of biological evolution 


on our planet. 


Microorganisms are the most diverse and abundant cellular life forms on 
Earth, occupying every possible metabolic niche. The large majority of 
these organisms have not been obtained in pure culture and we have only 
recently become aware of their presence mainly through cultivation- 
independent molecular surveys based on conserved marker genes (chiefly 
small subunit ribosomal RNA; SSU rRNA) or through shotgun sequen- 
cing (metagenomics)'*. As an increasing number of environments are 
deeply sequenced using next-generation technologies, diversity estimates 
for Bacteria and Archaea continue to rise, with the number of micro- 
bial ‘species’ predicted to reach well into the millions’. According to SSU 
rRNA-based phylogeny, these fall into at least 60 major lines of descent 
(phyla or divisions) within the bacterial and archaeal domains’, of which 
half have no cultivated representatives (so-called ‘candidate’ phyla). This 
biased representation is even more fundamentally skewed when consid- 
ering that more than 88% of all microbial isolates belong to only four 
bacterial phyla, the Proteobacteria, Firmicutes, Actinobacteria and Bacte- 
roidetes (Supplementary Fig. la). Genome sequencing of microbial 
isolates naturally reflects this cultivation bias (Supplementary Fig. 1b). 
Recently, a systematic effort, the Genomic Encyclopaedia of Bacteria and 
Archaea (GEBA) Project’, has been initiated to maximize coverage of the 
diversity captured in microbial isolates by phylogenetically targeted gen- 
ome sequencing. However, GEBA does not address candidate phyla that 
represent a major unexplored portion of microbial diversity, and have 
been referred to as microbial dark matter (MDM)°. 

Metagenomics can obtain genome sequences from uncultivated micro- 
organisms through direct sequencing of DNA from the environment’. 


In some instances, draft or even complete genomes of candidate phyla 
have been recovered solely from metagenomic data (Supplementary 
Table 1). A complementary cultivation-independent approach for 
obtaining genomes from candidate phyla is single-cell genomics; the 
amplification and sequencing of DNA from single cells obtained 
directly from environmental samples®. This approach can be used for 
targeted recovery of genomes and has been applied to members of 
several candidate phyla (Supplementary Table 1). In particular, natural 
populations that have a high degree of genomic heterogeneity will be 
more accessible through single-cell genomics than through metage- 
nomics as co-assembly of multiple strains is avoided. Despite these 
advances in obtaining genomic representation of MDM, no systematic 
effort has been made to obtain genomes from uncultivated candidate 
phyla using single-cell whole genome amplification approaches. 

Here, we present GEBA-MDM, the natural extension of the Genomic 
Encyclopaedia into uncultivated diversity by applying single-cell geno- 
mics to recover draft genomes from over 200 cells representing more 
than 20 major uncultivated archaeal and bacterial lineages. Genome- 
based phylogenetic analysis confirms the validity of rRNA-defined can- 
didate phyla as monophyletic groups and resolves a number of associa- 
tions among phyla not apparent by single gene analysis. We discovered 
several unexpected features, including archaeal sigma factors and stop 
codon reassignments that challenge established views of the microbial 
world. Furthermore, we show that single-cell genome references sub- 
stantially improve the phylogenetic anchoring of about 340 million 
previously incorrectly or under-classified metagenomic reads. 
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Single-cell genomics at scale 

We began by screening numerous physicochemically and geographi- 
cally diverse environmental samples using SSU rRNA community 
profiling to identify habitats enriched in candidate phyla, and we 
targeted nine for in-depth single-cell analysis (Fig. 1, top panel, and 
Supplementary Fig. 2). Cells representing novel lineages were iden- 
tified using high-throughput single-cell flow sorting, whole-genome 
amplification and SSU rRNA screening of single amplified genomes 
(SAGs; Fig. 1, middle panel; see Methods). A total of 201 SAGs repre- 
senting 21 and 8 highly under-represented major bacterial and archaeal 
lineages were selected for whole genome sequencing (Fig. 1, bottom 
panel). 

To improve assemblies, SAG sequence data was digitally normalized 
to reduce over-represented regions caused by amplification bias’. The 
fidelity of the resulting assemblies was validated using tetra-nucleotide 
frequency, BLAST (Basic Local Alignment Search Tool) and single 
copy marker gene analyses (Supplementary Methods and Supplemen- 
tary Fig. 4). Draft SAGs ranged in size from 148 kilobase pairs (kb) to 
2.4 Mb comprising an average of 59 major contigs per assembly (Sup- 
plementary Fig. 5a and Supplementary Table 2). Genome complete- 
ness was estimated to range from less than 10% to more than 90% 
(mean 40%) based on the presence or absence of 139 bacterial and 
162 archaeal conserved marker genes (Supplementary Fig. 5a). Com- 
bining reads of single cells belonging to the same population, that is, 
with an average nucleotide identity of =97% (ref. 10) (see Methods), 
improved assemblies and produced seven population genomes with an 
estimated completeness of over 90% (Supplementary Fig. 6 and 
Supplementary Fig. 5a, b). 


Genome-based phylogenetic inference 

SSU rRNA trees are known to be sound predictors of phylogenetic 
novelty*"' despite the blurring of vertical descent by lateral gene 
transfer'’. However, concatenated alignments of multiple universally 
distributed single copy marker genes are generally considered to pro- 
vide greater phylogenetic resolution than any individual gene for 
estimating a species tree’*. We constructed bootstrapped maximum 
likelihood trees based on a concatenation of up to 38 commonly used 
conserved marker genes”’* (Supplementary Methods and Supplemen- 
tary Table 3) with 15 taxa configurations’® (Supplementary Table 4). Sub- 
stitution models were selected to address known issues, including long 
branch attraction’® (discussed further in Supplementary Information). 
Congruency of the individual marker gene topologies to each other 
was independently assessed confirming the selection of these gene 


Figure 1 | Sampling sites and single-cell sequencing workflow. Upper panel, 
nine global sampling sites grouped into ocean samples (blue), fresh and 
brackish water samples (green), hydrothermal sites (red), sediment samples 
(magenta), and bioreactor samples (orange symbol). EPR, East Pacific Rise; 
ETL, Etoliko Lagoon; GBS, Great Boiling Spring; GOM, Gulf of Maine; HOT, 
Hawaii Ocean Time-series Project; HSM, Homestake Mine; SAK, Sakinaw 
Lake; TA, terephthalate degrading reactor; TG, tropical gyre in the South 
Atlantic. Middle panel, environmental samples were processed using a 
fluorescence-activated cell sorter allowing the isolation of 9,600 single cells. 
Each cell was lysed and the genome amplified yielding 3,300 successful 
amplifications. Resulting SAGs were screened by SSU rRNA gene PCR and 
sequencing to resolve taxonomic identities. SAGs belonging to major novel 
lineages were selected for genome sequencing and assembly resulting in 201 
draft genomes. QC, quality control. Lower panel, cladogram showing the 
taxonomy of the SSU rRNA gene sequences, grouped into phyla. Candidate 
phyla are highlighted in black, and known phyla (according to the list of 
‘Prokaryote Names with Standing in Nomenclature’ at http://www.bacterio.net/) 
are shown in light grey. For each phylum for which we retrieved one or more 
single-cell genomes the sampling sites are indicated according to the symbols in 
the upper panel. Note that marker gene phylogeny suggests that SAG 
JG10000068-E1 1clusters within the PER group, a sister lineage to 
Gracilibacteria (Supplementary Fig. 3). This finding is not supported by the SSU 
rRNA gene phylogeny and will need further evaluation as more genome and 
SSU rRNA gene sequences become available. 
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Figure 2 | Maximum-likelihood phylogenetic inference of Archaea and 
Bacteria. The phylogenetic trees are based on up to 38 marker genes and 
sequences are collapsed at the phylum level occluding subgroups such as the 
Geoarchaeota which clusters within the Crenarchaeota. Phyla containing SAGs 
from this study are highlighted in red. Superphyla (TACK, DPANN, 
Terrabacteria, FCB, PVC and Patescibacteria) are highlighted with colour 
ranges. The phylogenetic robustness (monophyly score) of phyla and 
superphyla is indicated by a small circle on the node: black circle (node was 


families for genome tree reconstruction (Supplementary Fig. 7). All 
candidate phyla with three or more SAG representatives were resolved 
as monophyletic groups consistent with their rRNA delineations 
(Fig. 2 and Supplementary Fig. 8). These are the first substantive 
genomic data for candidate bacterial phyla SAR406 (Marine Group 
A)'?, OP3, OP8 (ref. 18), WS1, WS3 (ref. 19), BRC1, CD12, EM19, 
EM3, NKB19, and Oct-Spa1-106 (ref. 20), as well as for several highly 
divergent archaeal groups related to the Nanoarchaeota (Fig. 2). We 
propose names for candidate phyla with two or more representatives 
based on their inferred physiology and distinguishing properties 
(Supplementary Table 5, see below). 

Owing to the greater phylogenetic resolution afforded by the con- 
catenated gene data sets, compared to rRNA phylogeny, we were able 
to identify a number of robust associations among phyla. These include 
the well-recognized Planctomycetes-Verrucomicrobia—Chlamydiae 
(PVC) superphylum that, based on rRNA analysis, was proposed 
to also include candidate phylum Omnitrophica (OP3) and the phy- 
lum Lentisphaerae*’. Genome-based analysis confirms this grouping 
(Fig. 2) and we found a suggested PVC signature gene” in an Omnitro- 
phica genome (Supplementary Information). The Fibrobacteres— 
Chlorobi-Bacteroidetes (FCB) superphylum”® was robustly resolved 
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resolved in 100% of all tree calculations); grey circle (resolved in =90% of all 
calculations); light-grey circle (resolved in =50% of all calculations). Average 
bootstrap support values are provided for each phylum and superphylum when 
resolved. The underlying phylogenetic inference configurations as well as 
detailed branch support values and monophyly scores are provided in 
Supplementary Table 3. The two domain trees were independently calculated 
and are unrooted and the scale bar represents 10% estimated sequence 
divergence for both trees. 


together with Marinimicrobia (SAR406), Latescibacteria (WS3), Cloa- 
cimonetes (WWE1), Gemmatimonadetes™ and Caldithrix*. Comparative 
genomics revealed that a conserved carboxy-terminal domain of extracel- 
lular proteinases (TIGRO4183) is found exclusively (but not comprehen- 
sively) in members of the FCB superphylum. This includes the original 
phyla Fibrobacteres, Chlorobi, Bacteroidetes, as well as the candidate phyla 
Cloacimonetes, Marinimicrobia, Latescibacteria and the Caldithrix gen- 
ome (Supplementary Information). 

The Terrabacteria, proposed to comprise the ‘terrestrial’ bacterial 
phyla Actinobacteria, Cyanobacteria, Thermi (Deinococcus-Thermus), 
Chloroflexi and Firmicutes”, was resolved in our analysis with the addi- 
tional membership of Armatimonadetes (former candidate phylum 
OP 10)” (Fig. 2). Perhaps more compelling than the assertion of ancient 
adaptations to life on land unifying the Terrabacteria”® are commonalities 
in cell envelope architecture. This superphylum comprises monoderm 
(single membrane) and atypical monoderm lineages”. We assessed the 
additional proposed Terrabacteria phyla for genes most characteristic of 
monoderms and diderms” and confirmed that all had monoderm-like or 
atypical gene complements (Supplementary Fig. 9). 

The phylogenetic placement of the Cloacimonetes (WWE1 clade) 
has been inconclusive based on rRNA comparative analysis. It was 
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originally proposed as a candidate phylum” and more recently as a 
class within the Spirochaetes phylum”’. Our analysis, which substan- 
tially expands the genomic representation of this group, finds no sup- 
port for a specific affiliation with the Spirochaetes (Fig. 2). It was 
suggested, based on a smaller data set, that the Acidobacteria repro- 
ducibly cluster with the Deltaproteobacteria™* but this is not supported 
by our analyses. Instead, Acidobacteria reproducibly affiliate with the 
Aminacenantes (OP8) (Fig. 2). Candidate phylum OP11, as origin- 
ally proposed’*, has not been resolved consistently as a monophyletic 
group leading to the proposal for subdivision into multiple phyla, 
including OP11 (former subdivisions 1 to 3 only), OD1 (former OP11 
subdivision 5) and SR1 (ref. 31). Here we found that Microgenomates 
(OP11) and Parcubacteria (OD1) genomes were resolved reproducibly 
as a monophyletic group based on concatenated marker gene analysis 
together with Gracilibacteria (GN02)”. To recognize this affiliation, we 
propose the superphylum name ‘Patescibacteria’ (patesco (Latin), 
meaning bare) (Fig. 2), reflecting the reduced metabolic capacities of 
these lineages*’. We found support for a specific association between the 
Patescibacteria and Terrabacteria using a larger bacteria-specific mar- 
ker gene set (Supplementary Fig. 10). This association is consistent with 
a monoderm-like gene complement in the Patescibacteria (Supplemen- 
tary Fig. 9) but will need to be verified when additional genomes belong- 
ing to these lineages are available. 

Based on phylogenetic analysis of our archaeal single-cell genomes 
and several recently described genome-sequenced lineages of very small 
cells, such as Candidatus Parvarchaeum, Candidatus Micrarchaeum™, 
Candidatus Nanosalina, Candidatus Nanosalinarum**, we propose the 
following phyla; Diapherotrites (pMC2A384)°*%, Parvarchaeota, Aenig- 
marchaeota (DSEG)”’ and Nanohaloarchaeota (Fig. 2 and Supplemen- 
tary Table 5). The Nanohaloarchaeota include the recently proposed 
class Nanohaloarchaea that was incorrectly placed within the Euryar- 
chaeota owing to inadequate outgroup representation**. We predict 
that small cell and genome size are unifying features of these phyla and 
in Archaea-only trees these lineages, together with the Nanoarchaeota, 
forma monophyletic superphylum for which we propose the identifier, 
DPANN (Fig. 2 and Supplementary Text). Our expanded genomic 
representation and analysis of the archaeal domain also supports the 
proposal for the TACK superphylum”, but is not consistent with the 
eocyte hypothesis*’, which places the Eukaryota within the archaeal 
domain, recently reinvestigated using a 36-genome data set*® (Sup- 
plementary Fig. 11). As more genomes and improved phylogenetic 
inference methods come to hand, our proposed lineage delineations 
can be further evaluated. 


Functional diversity and novel findings 

The numerous strategies that cultivated microorganisms use to obtain 
energy and nutrients suggest that many metabolic surprises remain to 
be discovered in the uncultivated microbial majority. Here we provide 
a first glimpse into the potential functional diversity of many of the 
investigated candidate phyla and novel lineages. The majority of bac- 
terial and several archaeal single-cell genomes in our study possess a 
large array of genes for the degradation of amino acids and sugars 
(providing the basis for some candidate names for phyla; Supplemen- 
tary Table 5), pointing to a heterotrophic lifestyle (Supplementary Fig. 12). 
We found evidence for an electron transport chain, and thus the abi- 
lity to perform a more complete set of cellular respiration processes, 
in most bacterial SAGs with the notable exception of members of 
the Parcubacteria (OD1), Microgenomates (OP11), Gracilibacteria 
(GN02) and Latescibacteria (WS3). Genes necessary for carbon fixa- 
tion were found in a wide range of archaeal SAGs (Wood-Ljungdahl 
pathway, adenosine nucleotide degradation pathway) with a more 
limited distribution in the bacterial SAGs (Supplementary Fig. 12). 
Hydrogen metabolism is widespread amongst the novel lineages, and 
two SAGs (belonging to Caldiserica and Aigarchaeota) have genes for 
sulphur utilization (Supplementary Fig. 12 and Supplementary Table 6). 
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A novel recoding of the opal stop codon UGA for glycine was 
identified in members of the Gracilibacteria (Fig. 3 and Supplementary 
Fig. 13a). The same recoding was found and biochemically validated in 
candidate phylum SR1 very recently”, suggesting that this codon reas- 
signment may be phylogenetically widespread in uncharacterized 
lineages. This expands the known alternative coding for UGA, which 
has previously been reported for selenocysteine’ and tryptophan? 
The very low guanine-cytosine content of the Gracilibacteria single- 
cell genomes (<24%) may have driven the recoding of UGA to a lower 
guanine-cytosine glycine codon alternative (UGA versus GGN) par- 
ticularly as glycine is the third most commonly used amino acid (>7% 
average abundance per genome; Supplementary Fig. 13b). 

Purine biosynthesis is highly conserved in the Bacteria and Archaea in 
terms of the penultimate step in the pathway responsible for ribonucle- 
ate formylation”. All bacteria sequenced so far use the PurH1 enzyme 
for this step, whereas the majority of Archaea use the PurP enzyme. 
However, members of the bacterial superphylum Patescibacteria lack 
the purH1 gene and instead have an euryarchaeal purP-like gene (Fig. 3 


Bacteria Archaea 


UGA recoded for Gly (Gracilibacteria) LGT from eukaryotes (Nanoarchaecta) 


Growing 
AA chain 


Oxidoreductase 


p 
iby ia Ribe ao 


| > - = ‘= 
=a 


HA NH» 


tRNA(Gly) 
recognizes 


NAD*+H"+2e°———> NADH 


Sigma factor (Diapherotrites, 
Nanoarchaeota) 


oNTD RNA polymerase 


Archaeal type purine synthesis 


f o3 2 1 
(Microgenomates) ios eye 


PurF Archaea 
ae 
= aaron RICAR) pure RICA) Stringent response 
a (Diapherotrites, Nanoarchaeota) 
PurE 2 Limiting Limiting 
PurC [UP GTP or GDP. amino ee 
ia, PurB fatty acids, + ATP 
teh >) | carbon, iron =e 
if ‘a ae at pp 
+ ppG 
wh N A. ” of oof 
i HAN i (GTP or ao ° on chee 
PPi 0° 
Adenine Guanine i { Cae 
Expression of components 
© Co © for stress response 


Archaeal defense (Nanoarchaeota) 
e | 
(an - 
Seay, Lo ° Lytic murein transglycosylase 
Murein (peptidoglycan) 


Figure 3 | Novel metabolic features found in the SAG data set. Left, features 
found in Bacteria: in a subgroup of the Gracilibacteria (GN02), the opal stop 
codon UGA codes for glycine and these genomes encode a transfer RNA 
(tRNA) for UGA. Two lineages of Microgenomates (OP11) bacteria use the 
archaeal pathway (PurH1 enzyme) for purine (adenine, guanine) biosynthesis, 
inferred to have been acquired by lateral gene transfer (LGT) from 
Euryarchaeota. AICAR, aminoimidazole carboxamide ribonucleotide; ATP, 
adenosine tri-phosphate; FAICAR, formyl aminoimidazole carboxamide 
ribonucleotide; IMP, inosine monophosphate; mRNA, messenger RNA; PRPP, 
phosphoribosyl pyrophosphate; PurH, bifunctional purine biosynthesis 
protein PurH. Right, features found in Archaea. A Nanoarchaeota genome 
encodes an oxidoreductase most closely related to the soil-living amoebae 
(slime mould) representing a lateral gene transfer from a eukaryote to an 
archaeon. Two members of the Diapherotrites (pMC2A384) and one 
representative of the Nanoarchaeota encode complete bacteria-like sigma 
factors (070). The bacterial stringent response based on deployment of 
signalling molecules (ppGpp) was identified in a member of the Diapherotrites 
and the Nanoarchaeota. A bacterial-like lytic murein transglycosylase was 
found in two members of the Nanoarchaeota. «CTD, «-subunit C-terminal 
domain; xNTD, «-subunit N-terminal domain; ADP, adenosine di-phosphate; 
GDP, guanosine di-phosphate; GTP, guanosine tri-phosphate. 
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and Supplementary Table 7) as a result of an ancient lateral transfer of 
most of the purine biosynthesis operon from a Thermococci-like donor 
to the ancestor of the Patescibacteria (Supplementary Fig. 14). 

The DPANN superphylum contains a number of metabolic novel- 
ties pointing to a capacity for co-opting foreign genetic elements. A 
Nanoarchaeota genome encodes an oxidoreductase most closely related 
to the slime mould Dictyostelium discoideum and sits within the 
eukaryal evolutionary radiation for this gene (Supplementary Fig. 15). 
To our knowledge, this is the first instance ofa lateral gene transfer from 
a eukaryote to an archaeon. Sigma factors are RNA transcription ini- 
tiation factors found exclusively in Bacteria, although one conserved 
sigma factor domain (region four) has been reported in Archaea*’. Here 
we report the first instance of complete bacteria-like sigma factors (070) 
in Archaea, specifically in two members of the Diapherotrites and one 
representative of the Nanoarchaeota (Fig. 3 and Supplementary Table 8). 
These appear to be the result of multiple lateral transfers from bacterial 
donors (Supplementary Fig. 16). All three sigma factors belong to the 
non-essential 070 groups (3 and 4)” and their hosts retain the standard 
archaeal TATA-binding protein gene regulation apparatus, suggesting 
that the co-opted full-length bacterial sigma factors are used for special- 
ized instances of gene regulation or serve some other function (Sup- 
plementary Information). 

The well-described bacterial stringent response based on deployment 
of multi-domain signalling molecules (guanosine tetraphosphate; 
ppGpp) called alarmones were identified in one member each of the 
Diapherotrites and Nanoarchaeota (Fig. 3). These seem to be the result 
of ancient transfers from bacterial donors of key ppGpp synthetic genes 
belonging to the RelA/SpoT homologue (RSH) superfamily** (Sup- 
plementary Fig. 17 and Supplementary Table 9). Although putative 
single domain alarmones (synthases and hydrolases) have been found 
in a number of Euryarchaeota™, this is the first report of complete 
multi-domain archaeal alarmones comprising synthetase, hydrolase 
and regulatory domains, suggesting that some DPANN Archaea can 
produce ppGpp in response to the sensation of an intracellular signal. 
Finally, a bacterial-like lytic murein transglycosylase was found in two 
members of the Nanoarchaeota (Fig. 3 and Supplementary Fig. 18). 
This enzyme is ubiquitous in Bacteria and responsible for creating 
space within the peptidoglycan sacculus for its biosynthesis, recycling 
and cell division and is tightly regulated because of its potent activity”. 
As Archaea lack peptidoglycan and there is no evidence for peptido- 
glycan synthesis in the Nanoarchaeota, we speculate that the murein 
transglycosylase is secreted from the cell and used as a defensive mech- 
anism against bacteria or possibly as a mechanism for facilitating cell- 
to-cell interaction with bacteria. 


Phylogenetic anchoring of metagenomes 

A major challenge in metagenomics is determining the phylogenetic 
origin of anonymous genome fragments, a process called binning or 
classification’. Our ability to classify metagenomic fragments is ham- 
pered by the enormous under-sampling of MDM reflected in a highly 
biased reference genome data set (Supplementary Fig. 1b). To deter- 
mine whether our set of phylogenetically novel single-cell genomes 
improves metagenomic binning, we classified 893 publicly available 
metagenomes against the non-redundant database with and without 
the 201 SAGs (the single-cell genomes constitute a minimal increase 
in total database size of 0.7%). Over half (475) of these metagenomes 
showed new or improved read anchoring (Supplementary Table 10), 
which accounted for a total of 340 million reads (0.7%). Although this 
average percentage may seem small, up to 20% anchoring was achieved 
for some metagenomes, reinforcing the need for phylogenetically 
directed genomic characterization of microbial diversity. Metagenomes 
with MDM-SAG-enabled read anchoring of >2% are shown in Fig. 4, 
and all other metagenomes are shown in Supplementary Table 11. 
On average, BLASTX matches of the 340 million reclassified reads 
increased by approximately 27% amino acid identity, resulting in higher 
resolution assignments for two-thirds of these reads. Of these, 78% and 
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22% were newly assigned or re-assigned at the phylum level, respectively 
(Supplementary Fig. 19 and Supplementary Table 10). The most pro- 
nounced improvements were seen in habitats comprising dominant 
populations belonging to phyla that are well represented in the SAG 
data set including the Marinimicrobia (SAR406), Aminacenantes 
(OP8), Cloacimonetes (WWE-1), Parcubacteria (OD1), Atribacteria 
(OP9) and Microgenomates (OP11) (Fig. 4). Despite these improve- 
ments, the majority of reads in the 475 metagenomes could not be 
classified beyond domain level (up to 80% in some metagenomes) 
attesting to the continuing need for MDM exploration. 


Outlook 


Increasing genomic coverage of the microbial world has emerged as a 
major goal over the past decade and notable international efforts are 
underway; for example, the Microbial Earth Project, which aims to 
generate a comprehensive genome catalogue of all archaeal and bac- 
terial type strains (http://www.microbial-earth.org), and the Earth 
Microbiome Project, which uses metagenomics, metatranscriptomics 
and amplicon sequencing to analyse microbial communities across 
the globe (http://www.earthmicrobiome.org). Although these pro- 
jects will undoubtedly increase our understanding and appreciation 
of the microbial world, the phylogenetically targeted approach applied 
in the GEBA project® and in the present study complements these 
efforts and facilitates novel discovery. For example, our single-cell 
genome data set provides an 11% greater coverage of known phylo- 
genetic diversity than currently available genomes according to SSU 
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Figure 4 | Phylogenetic anchoring. The geographic location of all 

475 metagenome sample sites (circles) and the origin of the MDM samples 
from which the SAGs were derived. The heatmap below the world map shows 
the details of 19 metagenomes whose phylogenetic anchoring could be 
improved for at least 2% of all reads. Phylogenetic anchoring was calculated as 
the percentage of reads that could be assigned to novel phyla using MEGAN4 
results based on BLASTX analysis of all metagenomes against the NCBI non- 
redundant database before and after addition of MDM data. Statistical testing 
revealed a significant (P = 0.00024) increase in reads that were anchored 
beyond domain level after the addition of MDM data. 
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rRNA comparisons (Supplementary Fig. 20a). This represents a 
4.5-fold increase in phylogenetic diversity per genome relative to the 
average phylogenetic diversity of genomes in the public database and 
a twofold phylogenetic diversity increase per genome afforded by 
GEBA® (Supplementary Fig. 20a). This increase is also reflected in 
overall protein novelty with nearly 20,000 new hypothetical protein 
families in the GEBA-MDM data set, representing an increase of 
8.5% compared to the number of genomes sequenced to date (Sup- 
plementary Fig. 21). Although the phylogenetic diversity of microbial 
isolates has increased gradually over time as pure cultures accrue, the 
phylogenetic diversity of uncultivated microorganisms identified in 
SSU rRNA surveys has quadrupled since 2007 and currently represents 
>85% of known microbial diversity (Supplementary Fig. 20b). We 
estimate that a sequencing effort of at least 16,000 additional genomes 
from diverse environments is needed to cover 50% of the known 
phylogenetic diversity based on SSU rRNA profiling (Supplementary 
Fig. 20a). Single-cell genomics offers a means to inventory this genomic 
diversity at the organism level directly, bypassing the assembly and 
binning problems associated with plurality sequencing approaches. 
Further development of single-cell technologies should overcome 
known challenges such as fragmented genome recoveries® and will make 
this technique a more robust tool. As single-cell and other cultivation- 
independent genomic approaches are used, we anticipate robust 
improvements to the genomic tree of life that will supercede the single- 
locus resolution of the SSU rRNA tree. As the genomic tree is filled in, we 
will witness for the first time a global view of the evolutionary forces that 
have shaped life on Earth. 


METHODS SUMMARY 


Nine sites were sampled for single-cell sorting, whole-genome amplification and 
SSU rRNA screening. A total of 201 phylogenetically targeted SAGs were shotgun 
sequenced and assembled. Genome completeness was estimated based on uni- 
versal, single-copy genes. Genome trees were calculated from concatenated align- 
ments of up to 38 universally conserved protein-coding genes in Bacteria and 
Archaea, and phylogenetic inference was carried out via RAxML, RAxML-Light, 
and fasttree using 15 taxon configurations. Gene predictions, functional annota- 
tion, manual curation and pathway reconstruction were carried out within the 
Integrated Microbial Genomes (IMG) system (http://img.jgi.doe.gov). Phylogenetic 
anchoring of metagenomic reads was computed using protein blast and the lowest 
common ancestor approach. Phylogenetic diversity values were calculated from a 
SSU rRNA maximum likelihood tree. All steps are detailed in the Supplementary 
Information. 
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Structure of class B GPCR corticotropin- 
releasing factor receptor 1 
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Malcolm Weir! & Fiona H. Marshall! 


Structural analysis of class B G-protein-coupled receptors (GPCRs), cell-surface proteins that respond to peptide 
hormones, has been restricted to the amino-terminal extracellular domain, thus providing little understanding of 
the membrane-spanning signal transduction domain. The corticotropin-releasing factor receptor type 1 is a class B 
receptor which mediates the response to stress and has been considered a drug target for depression and anxiety. Here 
we report the crystal structure of the transmembrane domain of the human corticotropin-releasing factor receptor type 1 
in complex with the small-molecule antagonist CP-376395. The structure provides detailed insight into the architecture of 
class B receptors. Atomic details of the interactions of the receptor with the non-peptide ligand that binds deep within 
the receptor are described. This structure provides a model for all class B GPCRs and may aid in the design of new 


small-molecule drugs for diseases of brain and metabolism. 


G-protein-coupled receptors (GPCRs) transmit extracellular signals 
from hormones, neurotransmitters and metabolites across the plasma 
membrane and can be classified into four major families based on 
sequence similarity’’: A (rhodopsin), B (secretin), C (metabotropic 
glutamate) and frizzled. Class B, the second largest class, is further 
divided into the secretin and adhesion subfamilies. The secretin sub- 
family consists of 15 GPCRs, including receptors for peptides such as 
secretin, glucagon, glucagon-like peptide (GLP), calcitonin gene-related 
peptide, parathyroid hormone (PTH) and corticotropin-releasing factor. 
They are drug targets for the treatment of major diseases including 
diabetes, osteoporosis, migraine, depression and anxiety. Many class 
B GPCRs have been clinically validated through the use of injectable 
peptide drugs derived from their native ligands, such as exenatide, a 
glucagon-like peptide 1 (GLP-1) receptor agonist for diabetes*, and 
teriparatide, a PTH1 receptor agonist for osteoporosis’. However, it 
has proved extremely difficult to find small-molecule modulators of 
these receptors. 

Since 2000 the structures of more than 18 class A receptors and one 
member of the frizzled class have been solved, greatly adding to our 
understanding of the function of GPCRs at a molecular level®’. In 
addition, the availability of high-resolution structures in complex 
with small-molecule ligands has enabled the use of structure-based 
drug design techniques to be applied to GPCRs for the first time®*. In 
contrast to class A receptors, structural information on class B receptors 
has been limited to the large amino-terminal extracellular domain 
(ECD)*”°, and no structure of a class B transmembrane domain (TMD), 
the main target for small-molecule drugs, has been determined to date. 

Corticotropin-releasing factor (CRF, also known as corticotropin- 
releasing hormone, CRH) is a 41 amino acid peptide hormone and 
a key regulator of the stress response’®'*. Through activation of the 
hypothalamic-pituitary axis and its role as a neurotransmitter, CRF 
influences a wide range of physiological responses, including appetite 
control, cardiovascular regulation, glucose metabolism, immune function 
and behaviour. CRF and the related urocortin peptides (Ucn 1-3, also 
known as UCN, UCN2 and UCN3) mediate their actions through 
two mammalian receptor subtypes: CRF, and CRF,. The CRF, recep- 
tor (CRF,R, also known as CRHR1), activated by CRF and Ucnl, 


is expressed in brain areas including the pituitary, hypothalamus, 
amygdala and cortex. CRF|R antagonists have been evaluated for their 
therapeutic potential in a range of stress-related indications such as 
anxiety, depression and irritable bowel syndrome’’. A number of struc- 
tures of the ECD domain of the receptor in complex with CRF have 
been solved previously’. As in other class B GPCRs, the carboxy end of 
the natural peptide agonist binds primarily to the ECD of the receptor, 
whereas the amino portion is thought to interact with and engage 
the TMD, resulting in activation of the receptor’®. In contrast, small- 
molecule antagonists, such as CP-376395"°, which were discovered by 
high-throughput screening, seem to act allosterically within the TMD 
to inhibit the binding and signalling of the peptide-agonist ligands*””’. 
To advance our understanding of the mode of action of class BGPCRs 
and to enable structure-based drug design for this important class of 
receptors, we have determined the crystal structure of the TMD of 
human CRFR. 


Structure determination 


To obtain a structure of the transmembrane region of CRF,R, a thermo- 
stabilized receptor (StaR) was generated that preferentially adopts the 
inactive conformation using an approach described previously”. The 
StaR contains twelve amino acid substitutions, none of which are located 
in or adjacent to the antagonist-binding site. The crystallized construct 
lacks the ECD and T4 lysozyme (T4L) has been inserted into intra- 
cellular loop (ICL) 2 (Fig. 1). The carboxy terminus was truncated to 
increase expression levels removing the putative helix 8. This construct 
shows similar affinity for the 2-aryloxy-4-alkylaminopyridine CP- 
376395 to the wild-type CRF, R (Supplementary Table 1). The structure 
was solved by molecular replacement to 3.0 A with three receptor 
molecules (A-C) per asymmetric unit (Supplementary Figs 1-4). The 
following discussions refer to molecule C, where there was continuous 
density for amino acids 117-367. 


Overall architecture 

The core fold of the receptor features seven transmembrane helices 
(TM1-TM7) in a generally similar arrangement to those observed in 
previously determined GPCR structures (Fig. 2). The connecting 


1Heptares Therapeutics Ltd, BioPark, Broadwater Road, Welwyn Garden City, AL7 3AX, UK. 
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Figure 1 | Schematic representation of the CRF,R structure. For 
crystallization, both termini of human CRF,R were truncated resulting in 
constructs of the TMD (residues 104-373) lacking the ECD involved in peptide 
binding. Thermostabilizing mutations and residues involved in small-molecule 
antagonist binding are highlighted in green and blue, respectively. Other 


loops lack secondary structure apart from extracellular loop (ECL) 1, 
which contains a short «-helix parallel to the membrane. A helical 
structure of ECL1 has been proposed in an NMR study” on the PTH1 
receptor and might therefore be an architectural feature conserved 
in class B GPCRs. ECL2 is anchored to TM3 by a disulphide bond 
between Cys 188°? (Wootten numbering” in superscript) and Cys 258, 
two fully conserved residues in class B receptors. A similar disulphide 
bond, also found in most class A GPCRs”, is reported to be important 
for agonist-induced receptor activation in the class B GPCR GLP-1 
receptor’®. 


Comparison with class A GPCRs 


Comparison of the CRF)R structure with previously solved GPCRs 
provides insight into the architectural differences between class A and 


modified sequence is coloured in grey. The disulphide bond between Cys 258 
in ECL2 and Cys 188°”? at the top of TM3 is indicated by a yellow line. The 
sites of the T4L insertions into ICL2 are indicated (see Methods for details on 
constructs CRF,;R 76 and CRF,R 105). The first and last residues of each TM 
helix are labelled (Wootten numbering in superscript”). 


class B receptors. Unlike class A GPCRs, the CRF,R TMD adopts a 
pronounced V-shape (Fig. 2b), presenting a large cavity, presumed to 
be the peptide-binding site, to the extracellular side (Fig. 2d). We 
illustrate the differences using the dopamine D3 receptor (D3R)”’ as 
a representative of class A GPCRs, because its overall fold is deter- 
mined to be closest to that of CRF|R (Supplementary Table 2). Super- 
posing the two receptors reveals striking differences in the arrangement 
of TM7 and smaller, but substantial, differences in TM6 (Fig. 3 and 
Supplementary Table 2). In both receptors TM7 assumes a similar, 
sharply kinked structure. In CRF,R, however, its extracellular end is 
located approximately 10 A further away from the axis of the helical 
bundle, a consequence ofa ~25° rotation of TM7 relative to D3R around 
a pivot near Gly 356”°° (Supplementary Fig. 5 and Supplementary Table 3). 
Since the carboxy terminus has been truncated to remove helix 8 it is 


Figure 2 | Overall structure. a, b, Ribbon representation of CRF|R in rainbow 
colouration (amino terminus, blue; carboxy terminus, red) viewed from the 

membrane from two angles. The antagonist CP-376395 is depicted in space fill 
representation with carbon, nitrogen and oxygen atoms coloured magenta, blue 
and red, respectively. The disulphide bond linking ECL1 and TM3 is shown as 


yellow sticks. The thermostabilizing mutations are rendered as green sticks. The 
position of the T4L insertion is indicated. c, The receptor is viewed from the 
extracellular side. d, Same view as in c, but in a surface representation coloured 
by electrostatic potential. 
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Figure 3 | Comparison of the antagonist-bound structures of CRF|R and 
D3R. a-e, The superimposed structures of CRF,;R and D3R (PDB ID 3PBL) are 
shown as blue and yellow ribbons, respectively. The receptors are viewed from 
two different angles from within the membrane (a, b), from the extracellular 


possible that this has affected the position of TM7 observed in the 
crystal structure; however, this truncation has no effect on the ligand- 
binding properties of the receptor (Supplementary Table 1). TM6 in 
CRF, R is also shifted away from TM5 and the axis of the helical bundle. 
In addition, its extracellular end is shorter by two helical turns, which 
limits the interactions between TM5 and TM6 to their cytoplasmic 
regions. 

The slightly bent extracellular portion of TM1 packs against TM7 
and hence follows a similar trajectory away from the centre of the 
receptor. The highly conserved Ser 130'°” stabilizes the kink in 
TM7 through hydrogen bonds to the backbone at Phe 357”°" and 
Ser 353’*” (Fig. 4a and Supplementary Fig. 6). A similar interaction 
is found in class A receptors where an asparagine at position 1.50 
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TMS TM6 TM7 


side (c), and intracellular side (d). Arrows in c highlight large differences in the 
helical trajectories of the two receptors. e, Individual TM helices are shown after 
superposition of the two receptors as in a-d. The superposition of DR onto 
CRE,R was done as described in Methods. 


(Ballesteros—Weinstein numbering”), located one helical turn down 
relative to Ser 130'°° in CRE, R, binds to the backbone of TM7. Whereas 
in most class A receptors the extracellular tip of TM2 leans towards 
TM1, in CRF|R TM2 is straighter, thereby contributing to the open 
nature of the receptor. Because the structure solved here lacks the ECD 
it does not yet provide an understanding of the relative positions of the 
ECD and TMD, nor the mechanism of activation following ligand 
binding. A two-step process has been proposed for class B receptor 
activation. First the amino-terminal ECD of the receptor binds the 
carboxy terminus of the peptide ligand; this results in a rearrangement 
of the receptor domains with the insertion of the peptide agonist amino 
terminus into the transmembrane helix bundle, triggering conformational 
changes within the TMD to the active G-protein-binding state'*. The 
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Figure 4 | Conserved sequence motifs. a—c, CRF,R is shown in blue ribbons 
with interacting residues shown as sticks with carbon, nitrogen and oxygen 
atoms coloured grey, blue and red, respectively. Interacting residues and TM 


open structure of the TMD observed in the structure may relate to the 
way the large peptide agonist in complex with the ECD interacts with 
the TMD. 

Class A and class B GPCRs signal through the same effector proteins, 
which interact with the cytoplasmic side of the receptors. Comparison 
of CRF,R with D3R reveals that, unlike their extracellular portions, 
their cytoplasmic regions superimpose well (Fig. 3d and Supplemen- 
tary Table 3). Specifically, the cytoplasmic halves of TM3 and TMS, 
which have been found to interact with Ga, in the structure of the B.- 
adrenergic receptor-G, complex”’, adopt similar conformations in 
CRF,R and D3R. Despite the lack of a native ICL2 due to the T4L 
insertion, the relative arrangement of the intracellular half of TM4 with 
respect to that of TM3 is similar to that in D3R. This would bring ICL2 
into a similar position to class A receptors, thus allowing receptor-G 
protein interaction. Even though TM6 in CRF,R is shifted outward, its 
cytoplasmic end points towards TM3 in a similar fashion to the struc- 
tures of D3R and other class A receptors solved in an inactive state” 
(Supplementary Fig. 7), indicating that the observed conformation of 
the CRF,R also represents the inactive state. 


Interactions in conserved motifs 

In class A GPCRs, a conserved salt bridge connects TM6 to TM3 in 
the inactive conformation. Class B receptors lack the sequence motifs 
for this ‘ionic lock’. Instead, biochemical data suggest interaction of 
His 1557? and Glu 209?” to be involved in activation??*. In CRE,R, 
these side chains are within hydrogen-bonding distance, forming a 
potentially important energetic interaction (Fig. 4b and Supplemen- 
tary Fig. 6). In class BGPCRs, a conserved sequence motif, GWGxP, is 
present in TM4. The structure reveals a network of interactions 
around Trp 236°” of this motif (Fig. 4c and Supplementary Fig. 6). 
TM4 unwinds at Gly 235*””, resulting in Trp 236°” protruding towards 
TM2 and TM3. This side chain hydrogen bonds to Asn 157*”” and forms 
an edge-to-face interaction with Trp 205°**°. The TM4—TM3 interaction 
is strengthened by a hydrogen bond from the side chain of Tyr 197°** to 
the carbonyl of Trp 236**” and hydrophobic contacts of Gly 235*”? with 
Trp 205°“° and Pro 239*”? with Tyr 197°**. These conserved interactions 
seem to have an important structural role. Whether they are also involved 
in receptor function is not immediately clear from the structure. 


Small-molecule antagonist-binding site 

Strong electron density was found for CP-376395, unexpectedly in a 
pocket located in the cytoplasmic half of the receptor (Fig. 5). The 
position is remarkable, as it is approximately 18A away from 
the centre of the large cavity presented to the extracellular side, the 
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helices are labelled. Hydrogen bonds are depicted as red dotted lines and their 
lengths in A are indicated. CP-376395 is represented in sticks and coloured as in 
Fig. 2a. 


putative peptide agonist-binding site, and 13-23 A away from the 
centres of mass of the small-molecule ligands in the structures of class 
A GPCRs (Fig. 5d). In an orientation perpendicular to the plane of the 
membrane, CP-376395 binds in a predominantly hydrophobic pocket 
defined by residues of TM3, TM5 and TM6. The side chain of highly 
conserved Asn 283°°° forms an essential hydrogen bond with the 
pyridine nitrogen, such that substitution with alanine results in a 
complete loss of ligand binding (Supplementary Table 4). The aryloxy 
moiety binds in a hydrophobic pocket formed by Phe284>*', 
Leu 287°", Ile 290°”, Tyr 316°”, Leu 319°* and Leu 320°*°. The 
exocyclic alkylamino group interacts with Gly 324°°° and the side 
chains of Phe 203***, Leu 280°*”, Leu323°* and Tyr 327°°?. To 
validate the interactions, the amino acids in the antagonist-binding 
site were substituted with alanine (Supplementary Table 4). Apart 
from Leu319°*°, all of these mutations resulted in a significant 
reduction of antagonist binding with negligible binding detected for 
Phe203°“*Ala, Leu280°*7Ala and Asn283”°°Ala. 

At the bottom of the putative orthosteric site, Arg 1657, His 19974?, 
Met 276° and Gln 355’? form a layer of side chains just above the 
antagonist-binding site (Fig. 5e). Mutation of His 199°“° and Met 276° 
has been shown to impair non-peptide antagonist binding to CRF,R”*. 
Although not interacting with CP-376395 directly, His 199**° forms a 
hydrogen bond with Tyr 327°”? and Met 276°” packs against Phe 203°“, 
potentially supporting the positioning of these two aromatic residues. 
Substitution of highly conserved Gln 355’? with alanine did not affect 
CP-376395 binding (Supplementary Table 4). However, this residue 
may make an energetic contribution to receptor activation as suggested 
by mutagenesis studies*”*”. 

The sequence identity in the helical bundle between CRF\R and 
CRF,R (also known as CRHR2) is very high; however, non-peptide 
antagonists such as CP-376395 are highly selective for CRF,R. All the 
residues found to interact directly with the ligand are conserved between 
the two receptors. Among the second shell of amino acids around the 
small molecule (within 5 A) only two residues differ between CRF,R and 
CRF5R. His 199°“? and Met 276°” in CRF,R correspond to Val 195°*° and 
Ile272°*° of CRE,R. In CRE,R, mutation of these residues to the 
corresponding amino acids in CRF,R has been shown to reduce the 
binding affinity of non-peptide antagonists while having no effect on 
peptide ligand binding”*. Although these residues may have an indirect 
effect on ligand binding they could also act to control the accessibility 
to the small-molecule antagonist-binding site through affecting the 
side-chain orientation of the adjacent Phe 203°* that interacts directly 
with CP-376395. 
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Figure 5 | Antagonist-binding site. a, CP-376395 shown as skeletal 
formula and as sticks coloured as in Fig. 2a. F, — F, OMIT density calculated 
before CP-376395 was first included in the model displayed within 2 A, 
contoured at 2.50. b, View from the membrane with 2F, — F, density within 
2A of the binding site residues, contoured at 1.50. OMIT density for CP- 
376395 as in a. The hydrogen bond to the pyridine nitrogen of CP-376395 is 


In the B-adrenergic receptor, the cytoplasmic half of TM6 was 
shown to have a key role in receptor activation by moving away from 
the core of the TM bundle*’. CP-376395 makes extensive contacts 
with TM3, TM5 and TM6. Specifically, it binds to TM6 on both sides 
of the kink induced by Pro 321°*” and Gly 324°”. It has been proposed 
that small-molecule CRF;R antagonists act allosterically by maintain- 
ing the receptor in an inactive conformation”®. The position of CP- 
376395 in the structure indicates that this is indeed an allosteric site 
distinct from the orthosteric peptide-binding pocket. It is possible that 
CP-376395 keeps the receptor in an inactive conformation by tethering 
the cytoplasmic half of TM6 to TM3 and TMS. This proposition is 
supported by the fact that CP-376395 acts as an inverse agonist redu- 
cing basal signalling (Supplementary Fig. 8). 

Access to the antagonist-binding site from the extracellular side is 
restricted to a small channel by the side chains of Phe 203°** and 
Tyr 327°?" (Fig. 5f). For CP-376395 to reach the antagonist-binding 
site from the extracellular side it may require rearrangement of resi- 
dues at the top of the site through side chain rotamer changes and/or 
shifts of portions of TM3, TM5 or TM6, which would enlarge the 
opening towards the putative orthosteric site. Alternatively, the 
antagonist-binding site, separated from the membrane by a single 
layer of side chains, could open laterally through rearrangements in 
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depicted as a red dotted line and its length in A is indicated. c, Schematic of the 
binding site with hydrogen bonds and hydrophobic interactions as red and 
green dotted lines, respectively. d, The location of CP-376395 is compared to 
that of selected class A receptor ligands. e, View from the extracellular side onto 
the bottom of the putative orthosteric site. f, Cross-section of the solvent- 
accessible surface. 


TM5 and TM6, allowing diffusion of the hydrophobic ligand from 
within membrane. 


Conclusions 

The structure of the TMD of the CRF, receptor provides a structural 
framework for class B GPCRs and should serve as an accurate tem- 
plate for homology modelling of related receptors. It also reveals an 
unanticipated antagonist-binding site, opening new avenues for 
structure-based small-molecule drug discovery. To further our under- 
standing of the mode of action of class B GPCRs, structures of the full- 
length receptor in the agonist-bound state are now required. 


METHODS SUMMARY 


Conformationally thermostabilized human CRFR lacking the amino-terminal 
extracellular domain and with T4 lysozyme fused into intracellular loop 2 was 
expressed in baculovirus-infected insect cells and purified in n-decyl-B-b-malto- 
pyranoside using a histidine tag. Crystals were grown in lipidic cubic phase at 
22.5 °C using a monoolein/cholesterol mixture. Diffraction data from 35 crystals, 
collected at Diamond Light Source beamline 124, was used to solve the structure by 
molecular replacement using the structures of T4 lysozyme and the human dopa- 
mine D3 receptor as initial search models. The structure was refined to 3.0 A with 
good refinement statistics (Rwork/Riree = 0.241/0.265). For details of experimental 
procedures see Methods. 
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Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

StaR generation. Full-length human CRF,R with intact ICL2 (no T4L insertion) 
was used as background for the generation of the conformationally thermosta- 
bilized receptor using a mutagenesis approach described earlier*'. Mutants were 
analysed for thermostability in the presence of the radioligand [*H]CP-376395 
(Supplementary Fig. 9a and Supplementary Table 5). The CRF,R StaR is the full- 
length receptor with 12 thermostabilizing mutations (see Fig. 1). 

Cell culture. HEK293T cells were cultured in DMEM supplemented with 10% (v/v) 
fetal bovine serum (FBS). Cells were transfected using GeneJuice (Merck Millipore) 
according to manufacturer’s instructions and collected after 48 h. 
Thermostability measurement. Transiently transfected HEK293T cells were 
incubated in 50 mM Tris-HCl pH 7.5, 150 mM NaCl with 30 nM [°H]CP-376395 
and 120 nM cold CP-376395 (Tocris) for 18 h at room temperature. All subsequent 
steps were performed at 4 °C. Cells were solubilized in 1% (w/v) n-dodecyl-B-p- 
maltopyranoside (DDM) for 1 hand crude lysates were cleared by centrifugation at 
16,000g for 15 min. Thermostability of the receptor was measured by incubation at 
varying temperatures for 30 min followed by separation of unbound radioligand 
by gel filtration. Levels of ligand-bound receptor were determined using a liquid 
scintillation counter. Thermal stability (T,,) is defined as the temperature at which 
50% ligand binding is retained. 

Radioligand binding. For saturation binding experiments, membranes were 
prepared from HEK293T cells transiently expressing wild-type CRF,R, CRF,R 
StaR, CRF|R StaR with T4L fusion, or CRF,R 105 as described“! and incubated in 
50 mM Tris-HCl pH 7.5, 150mM NaCl, 0.1% (w/v) polyethylinimine (PEI) with 
[SH]CP-376395 (0-60 nM) in the presence or absence of 30 [tM cold CP-376395. 
Final dimethyl sulphoxide (DMSO) concentration in each reaction was 5% (v/v). 
Membranes were incubated for 18 h at room temperature before rapid filtration 
through 96-well GF/C UniFilter plates pre-soaked in 0.3% (w/v) PEI, followed by 
washing with PBS containing 0.15% (w/v) CHAPS. Plates were dried, 50 pl 
Ultima Gold-F scintillation fluid added per well and bound ligand measured 
using a Packard Microbeta counter. To obtain Ky, data were analysed using a 
global fitted one-site binding hyperbola in GraphPad Prism v5. For solubilized 
whole-cell ligand-binding experiments, HEK293T cells transiently expressing 
enhanced green fluorescent protein (EGFP)-tagged wild-type CRF,R or single 
point mutants were treated as described for thermostability experiments, without 
heating. Specific binding was determined by subtracting untransfected controls. 
Expression of each construct was quantified by EGFP fluorescence of whole cells 
measured at A,, and 1.., of 488 and 520 nm, respectively. 

Measurement of cAMP. HEK293T cells were transfected with plasmids bearing 
wild-type CRF,R. In parallel mock transfections were set up using empty plasmid. 
24h post-transfection, cells were collected and used to seed white poly-p-lysine 
coated 96-well plates at a density of 25,000 cells per well. Cells were incubated for a 
further 24h at 37 °C. Prior to measuring cAMP levels, CP-376395 was added to a 
final concentration of 1 1M. Equivalent DMSO concentration was added to control 
samples. Following a 1.5h incubation at 37 °C basal cAMP levels were measured 
using Cisbio International Cyclic AMP dynamic 2 kit according to the manufac- 
turer’s instructions (Supplementary Fig. 8). 

Truncation and T4 lysozyme fusion constructs. A panel of amino- and carboxy- 
terminal truncation variants of CRF,R was designed based on secondary structure 
prediction” and hydropathy plots’. Truncated receptors were expressed in 
HEK293T cells as carboxy-terminal fusions with EGFP. Receptors were solubilized 
in 50 mM Tris-HCl pH 8.0, 150mM NaCl and 2% (w/v) n-decyl-B-b-maltopyr- 
anoside (DM) and their expression levels and stability was assayed by fluorescence- 
detection size-exclusion chromatography (FSEC) as described (Supplementary 
Fig. 9b). The most suitable construct emerging from this screen comprised residues 
104-373. In parallel, a panel of T4L insertions into the predicted locations of ICL2 
or ICL3 was analysed in a similar fashion, identifying the insertion between resi- 
dues 220 and 222 in ICL2 as the most promising fusion (construct CRF,R 76) based 
on FSEC analysis. Crystals obtained from this construct, however, did not allow 
structure determination, likely due to the presence of translational non-crystal- 
lographic symmetry (see below). To obtain the P22,2, crystal form, which enabled 
structure determination, residues 222 and 223 were later deleted, yielding the final 
construct CRF;R 105 (Fig. 1). 

Expression and purification. CRF,R carrying a carboxy-terminal deca-histidine 
tag was expressed in Trichoplusia ni (High Five) cells in EX-CELL 405 medium 
supplemented with 10% (v/v) FBS, 1% (v/v) Chemically Defined Lipid 
Concentrate (GIBCO) and 1% (v/v) penicillin/streptomycin. Cells were infected 
at a density of 2 X 10° cells per ml with baculovirus at an approximate multiplicity 
of infection of 1. Cultures were grown at 27 °C and collected 72 h post infection. All 
subsequent purification steps were carried out at 4 °C unless indicated differently. 
To prepare membranes, cells were resuspended in 50mM Tris-HCl pH 8.0, 
500 mM NaCl and incubated with 0.3 uM CP-376395 for 1 h. Cells were disrupted 
by ultra-sonication and cell debris was removed by centrifugation at 10,000g. 


Membranes were collected by ultracentrifugation at 140,000g, resuspended and 
stored at —80°C. Membranes were solubilized with 2% (w/v) DM for 1.5h. 
Insoluble material was removed by ultracentrifugation and the receptors were 
immobilized by batch binding to TALON metal-affinity resin for 2h. The resin 
was packed into a column and washed with steps of 8 and 30 mM imidazole in 
50 mM Tris-HCl pH 8.0, 500 mM NaCl, 0.15% (w/v) DM, and 0.3 uM CP-376395 
for a total of 15-20 column volumes before bound material was eluted with 200 mM 
imidazole. Receptors were further purified by gel filtration in 20mM Tris-HCl 
pH8.0, 150mM NaCl, 0.15% (w/v) DM, and 0.3 uM CP-376395. Preparations 
of CRF,R105 yielded more aggregated material than those of CRF|R76. To 
improve sample homogeneity, CRF;R105 was desalted into 50mM Tris-HCl 
pH8.0, 500mM NaCl, 0.15% (w/v) DM, 0.3 uM CP-376395 and 5mM EDTA 
after the metal-affinity step. Receptor purity was analysed using SDS-PAGE and 
receptor monodispersity was assayed by FSEC monitoring tryptophan fluor- 
escence (Supplementary Fig. 10). Protein concentration was determined using 
the receptor’s calculated extinction coeffi- 

cient at 280 nm (£20, calc = 1.6 ml mg | cm), 

Crystallization. CRF,R was crystallized in lipidic cubic phase at 22.5 °C. The 
protein was concentrated to 20-30mgml~' and mixed with monoolein (Nu- 
Check) supplemented with 10% (w/w) cholesterol (Sigma Aldrich) and 5 1M 
CP-376395 using the twin-syringe method”. The final protein:lipid ratio was 
1:1.5 (w/w). 40-60 nl boluses were dispensed on 96-well glass bases and overlaid 
with 0.75 ul precipitant solution. 20-30 um crystals of construct CRF,;R76 were 
grown in 100mM Na-citrate pH5.5, 200 mM LipSOz, 30% (v/v) polyethylene 
glycol 400, and 0.6 uM CP-376395. A complete data set to 3.2 A was obtained 
by combining diffraction data from multiple crystals. The crystals belonged to 
space group P6 and the data featured a 30% off-origin peak in a native Patterson 
map, indicating translational non-crystallographic symmetry (tNCS). Extensive 
trials to solve the structure by molecular replacement failed, most likely due to the 
presence of tNCS. We proposed that conformational flexibility in the connection 
between the receptor and T4L was the cause for the observed pseudo-symmetry 
and that shortening this part of the CRF,R-T4L fusion would reduce flexibility 
and, hence, enable growth of a different crystal form. The resulting construct 
CRF,R105 (Fig. 1) crystallized in similar conditions to CRF,R76 and 20 um 
brick-shaped crystals of space group P22,2, grew within 7-10 days (Supplemen- 
tary Fig. 11). Crystals were flash-frozen in liquid nitrogen without additional 
cryoprotectant. 

Diffraction data collection and processing. X-ray diffraction data were mea- 
sured on a Pilatus 6M detector at Diamond Light Source beamline 124 using a 
5 pm X 5 um microbeam. Crystals displayed isotropic diffraction to beyond 3.0 A 
following exposure to an unattenuated beam for 7.5s per degree of oscillation. 
Consequently, radiation damage was severe and wedges of typically only 2-3 
degrees per crystal could be used for data merging. Data from individual crystals 
were integrated using XDS* and a complete data set was compiled using the 
data collection strategy option of the program Mosflm*’. Data merging and 
scaling was carried out with AIMLESS”. Using the microdiffraction assembly 
method described previously”? we were able to extend the resolution to 3.0 A. 
Briefly, data from each crystal were split into bins of reflection observations 
corresponding to 1° of oscillation and scaled individually to a medium-resolution 
(4.3 A) reference data set using XSCALE". Initially, as rejection criterion for 
reflections, the peak profile correlation threshold was set to zero and increased 
in increments of 1% until all reflection observations could be scaled with an 
Rmerge lower than 14%. The resulting multi-record reflection file was then scaled 
and merged using AIMLESS. Data collection statistics for both methods are 
presented in Supplementary Table 6. For subsequent structure solution and 
refinement the data processed using the micro-diffraction assembly method 
were used. 

Structure solution and refinement. The structure was solved by molecular 
replacement with Phaser**”°, using two independent search models, T4L from 
the adenosine Ay, receptor structure (PDB ID 3EML) and a truncated version 
(TM helices only, no loops) of the dopamine D3 receptor (PDB ID 3PBL). 
Solutions were found for two out of three T4L copies, which were subsequently 
fixed to locate three copies of the truncated receptor. Manual model building was 
done in COOT” using sigma-A weighted 2F, - F,, Fy - F- as well as a simulated- 
annealing composite omit maps calculated using PHENIX*. Initial refinement 
was carried out with REFMACS5**°? using the maximum-likelihood restrained 
refinement protocol in combination with the jelly-body method and imposing 
tight non-crystallographic symmetry restraints. Later stages of the refinement 
were performed with PHENIX using a combination of simulated annealing, 
positional and individual isotropic B-factor refinement. The resulting model 
was then submitted to backbone torsion optimization followed by automated 
all-atom real-space refinement against a 2F, - F. electron density map, a method 
developed in ref. 54, resulting in improved stereochemistry and electron density 
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maps. Structure quality was assessed with MolProbity*’. With increasing quality 
of the model, weak electron density became visible for the first and last few 
residues of the missing copy of T4L in molecule C, revealing that the orientation 
of the T4L insertion relative to its corresponding receptor was significantly dif- 
ferent from those observed in the other two molecules. However, only partial 
density was observed for the remaining parts of T4L (Supplementary Fig. 4) and 
TAL was therefore left unmodelled. Refinement statistics are presented in Sup- 
plementary Table 6. 

Structure analysis. The root mean squared deviation (r.m.s.d.) analysis between 
CRF, Rand class A GPCRs (Supplementary Table 2) was performed using Maestro 
v. 9.3 (Schrédinger). D3R (molecule A in PDB ID 3PBL) was superimposed onto 
CRF,R molecule C using the Cu-atoms of the following amino acid ranges com- 
prising the cytoplasmic halves of TM1, TM2, TM4 and TM5 as well as entire TM3 
(CRF,/D3R): 130-143/43-56 (TM1), 150-162/63-75 (TM2), 193-216/108-131 
(TM3), 228-234/150-156 (TM4), 282-295/203-216 (TMS). TM6 and TMZ, 
showing obvious structural differences, were excluded. Interhelical angles were 
calculated using interhlx (K. Yap, University of Toronto). Figures were prepared 
using PyMOL (Schrodinger). 


41. Robertson, N. etal. The properties of thermostabilised G protein-coupled receptors 
(StaRs) and their use in drug discovery. Neuropharmacology 60, 36-44 (2011). 

42. Sdding, J. Protein homology detection by HMM-HMM comparison. Bioinformatics 
21, 951-960 (2005). 


54. 
55. 


ARTICLE 


. Krogh, A., Larsson, B., von Heijne, G. & Sonnhammer, E. L. L. Predicting 


transmembrane protein topology with a hidden Markov model: application to 
complete genomes. J. Mol. Biol. 305, 567-580 (2001). 


. Kawate, T. & Gouaux, E. Fluorescence-detection size-exclusion chromatography 


for precrystallization screening of integral membrane proteins. Structure 14, 
673-681 (2006). 


. Caffrey, M. & Cherezov, V. Crystallizing membrane proteins using lipidic cubic 


mesophases. Nature Protocols 4, 706-731 (2009). 


. Kabsch, W. XDS. Acta Crystallogr. D 66, 125-132 (2010). 
. Leslie, A. G. W. & Powell, H. R. Processing diffraction data with Mosflm. Evolv. 


Methods Macromol. Crystallogr. 245, 41-51 (2007). 


. Winn, M. D. et al. Overview of the CCP4 suite and current developments. Acta 


Crystallogr. D 67, 235-242 (2011). 


. Hanson, M.A. etal. Crystal structure of a lipid G protein-coupled receptor. Science 


335, 851-855 (2012). 


. McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Cryst. 40, 658-674 


(2007). 


. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of 


Coot. Acta Crystallogr. D 66, 486-501 (2010). 


. Adams, P. D. et al. PHENIX: a comprehensive Python-based system for 


macromolecular structure solution. Acta Crystallogr. D 66, 213-221 (2010). 


. Murshudov, G. N. et a, REFMAC5 for the refinement of macromolecular crystal 


structures. Acta Crystallogr. D 67, 355-367 (2011). 

Haddadian, E. J. etal. Automated real-space refinement of protein structures using 
a realistic backbone move set. Biophys. J. 101, 899-909 (2011). 

Chen, V. B. et a/. MolProbity: all-atom structure validation for macromolecular 
crystallography. Acta Crystallogr. D 66, 12-21 (2010). 


©2013 Macmillan Publishers Limited. All rights reserved 


1 sid ial Be 


doi:10.1038/nature12372 


Receptor binding by an H7N9 influenza virus 


from humans 


Xiaoli Xiong’, Stephen R. Martin’, Lesley F. Haire, Stephen A. Wharton’, Rodney S. Daniels”, Michael S. Bennett’, 
John W. McCauley’, Patrick J. Collins!, Philip A. Walker’, John J. Skehel' & Steven J. Gamblin! 


Of the 132 people known to have been infected with H7N9 influ- 
enza viruses in China, 37 died, and many were severely ill’. Infec- 
tion seems to have involved contact with infected poultry**. We 
have examined the receptor-binding properties of this H7N9 virus 
and compared them with those of an avian H7N3 virus. We find 
that the human H7 virus has significantly higher affinity for a-2, 
6-linked sialic acid analogues (‘human receptor’) than avian H7 
while retaining the strong binding to a-2,3-linked sialic acid ana- 
logues (‘avian receptor’) characteristic of avian viruses. The human 
H7 virus does not, therefore, have the preference for human versus 
avian receptors characteristic of pandemic viruses. X-ray crystal- 
lography of the receptor-binding protein, haemagglutinin (HA), in 
complex with receptor analogues indicates that both human and 
avian receptors adopt different conformations when bound to 
human H7 HA than they do when bound to avian H7 HA. Human 
receptor bound to human H7 HA exits the binding site in a different 
direction to that seen in complexes formed by HAs from pandemic 
viruses*? and from an aerosol-transmissible H5 mutant®. The 
human-receptor-binding properties of human H7 probably arise 
from the introduction of two bulky hydrophobic residues by the 
substitutions Gln226Leu and Gly186Val. The former is shared with 
the 1957 H2 and 1968 H3 pandemic viruses and with the aerosol- 
transmissible H5 mutant. We conclude that the human H7 virus has 
acquired some of the receptor-binding characteristics that are typical 
of pandemic viruses, but its retained preference for avian receptor 
may restrict its further evolution towards a virus that could transmit 
efficiently between humans, perhaps by binding to avian-receptor- 
rich mucins in the human respiratory tract’ rather than to cellular 
receptors. 

Genetic analyses of the avian H7N9 influenza viruses, responsible 
for the zoonotic infections of humans in China since February 2013, 
indicate that the genes for the haemagglutinin (HA) and neura- 
minidase (NA) virus membrane glycoproteins are similar to those 
from viruses recently isolated from ducks in China (HA) and from 
wild birds and ducks from China and Korea (NA) (refs 3, 8 and 
A. Rambaut, http://epidemic.bio.ed.ac.uk/influenza_H7N9). The other 
six RNA molecules of their genomes derived from H9N2 viruses that 
have circulated widely in birds in the Far East and the Middle East since 
the late 1990s, causing sporadic human infections”"'. We have used 
human H7N9 and avian H7N3 viruses grown in hens’ eggs to determine 
their receptor binding affinity and specificity. On the basis of the 
reported sequences of HA we have also prepared baculoviruses contain- 
ing complementary DNA for both H7 HAs and expressed them in 
insect cells to obtain HA proteins for crystallization. Our overall object- 
ive in these studies is to determine the structure of the HA from the 
H7N9 virus and compare its receptor-binding properties in particular, 
with those of viruses from the H1N1 pandemics of 1918 and 2009, the 
H2N2 pandemic of 1957, and the H3N2 pandemic of 1968, and with 
those that we recently determined for an aerosol-transmissible H5N1 
mutant virus’. 


We used biolayer interferometry to measure the binding of human 
H7N¢9 and avian H7N3 viruses to biosensors coated with human and 
avian receptor analogues (the terms ‘human’ and ‘avian’ receptor are 
used to refer to the sialosaccharides found to be abundant on airway 
epithelial cells in humans and to those in the avian gut, respectively) 
(Fig. 1). For comparison, in Supplementary Fig. 1a, we have included the 
binding curves for the H3 pandemic virus and the aerosol-transmissible 
H5 mutant virus, and in Supplementary Fig. 1b we show data for avian H3 
and wild-type avian H5 viruses°. The data show that the human H7N9 
virus has a substantially increased avidity for human receptor and a 
slightly decreased avidity for avian receptor by comparison with the avian 
H7 virus. The human virus thus has a modest preference for avian recep- 
tor binding (Fig. 1). In marked contrast, the aerosol-transmissible H5 
mutant has much lower avidity than human H7 for human receptor 
and almost no binding affinity for avian receptor. Thus, although the 
transmissible H5 mutant shows the pandemic characteristic feature of 
preferring human to avian receptor, it achieves this by almost complete 
loss of avidity for avian receptor. The human H7 does not have the 
pandemic characteristic of preference for human receptor but it has 
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Figure 1 | Virus binding to human and avian receptors. Biolayer 
interferometry data for the binding of human H7N9 and avian H7N3 viruses to 
avian (%2,3-SLN) and human («2,6-SLN) receptor analogues. 30-kDa polymers 
containing 20% mol sugar and 5% mol biotin linked to a polyacrylamide 
backbone were immobilized to different levels on streptavidin-coated 
biosensors. Data are plotted as fractional saturation of the sensor surface as a 
function of relative sugar loading (RSL) for a fixed virus concentration of 
100 pM. The preference ratio of a virus is based on the relative avidities for 
human receptor versus avian receptor and its derivation is given in Methods. 
For the human H7N9 virus the preference ratio is 0.32 (that is, threefold tighter 
binding to avian receptor), whereas for pandemic H3 this ratio is 10 and for 
aerosol-transmissible H5 mutant it is 200 (Supplementary Fig. 1a). 
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much stronger avidity towards human (and avian) receptors than the 
aerosol-transmissible H5 mutant. The binding properties of the avian 
H7 virus (Fig. 1) are actually similar to those of the avian H3 virus 
(Supplementary Fig. 1b) and both are quite different from wild-type 
avian H5 which has very tight binding to avian receptors and virtually 
none to human receptors. 

We have determined the crystal structures of human H7 HA and its 
complexes with human and avian receptor analogues (Fig. 2) and, for 
comparison, those of an avian H7 HA and its receptor complexes 
(Fig. 3). Crystallographic statistics are given in Supplementary Tables 
1,2 and 3. The receptor binding site is generally conserved in all HAs, but 
in the case of H7 it is notable that an insertion of two residues following 
residue 156 makes the 150-loop protrude into one edge of the binding 
site where it has the potential to influence receptor specificity'*. From the 
crystal structures it is evident that both human and avian receptors adopt 
different conformations when bound by the human H7 HA than when 
bound by avian H7 HA. 

The human receptor complex with human H7 HA shows good 
electron density (Supplementary Fig. 2) for the sialic acid (Sia-1) and 
galactose-2 (Gal-2) moieties and partial density for the third sugar, 
N-acetyl glucosamine (NAG-3). The receptor takes an off-vertical tra- 
jectory out of the binding site (Fig. 2a). In contrast, the human receptor 
complex with avian H7 HA shows interpretable electron density for 
Sia-1 and Gal-2, but not for NAG-3, and the conformation is such that 
Gal-2 appears face-on (Fig. 2b) as opposed to edge-on in the human 
HA complex (Fig. 2a). The conformation of the receptor analogue 
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Figure 2 | Crystal structures of human receptor bound to human and avian 
HA. Ribbon representations of the receptor binding site, located at the 
membrane distal end of an HA monomer, showing the three conserved 
secondary structure elements of the site, 130-loop and 220-loop, and 190-helix. 
For H7 the 150-loop is longer and contributes to one edge of the site. a, Human 
receptor bound to human H7 HA with the side chains of the two hydrophobic 
substitutions (by comparison with avian H7) Gln226Leu and Gly186Val, 
shown in stick representation. Dotted lines are used to indicate the substituents 
of NAG-3 which are not defined by the electron density (Supplementary Fig. 1). 
b, Human receptor bound to avian H7 HA. In this case residue 226 is a 
glutamine, typical of avian HAs. c, Aerosol-transmissible H5 mutant HA® 
bound to human receptor and the position of Leu 226. d, Avian H5 HA binds 
human receptor in a very similar manner to avian H7 (see b). For comparison, a 
matrix of sequence identities and coordinate differences for HA1 from H7, and 
the other HAs discussed, is presented in Supplementary Fig. 6. 
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Figure 3 | Crystal structures of avian receptor bound to human and avian 
HA. Ribbons representations of the receptor binding site viewed after rotation 
of the molecule by 60° about a vertical axis relative to Fig. 2. a, Avian receptor 
bound to human H7 HA with a cis conformation about the Sia-1-Gal-2 
glycosidic bond. b, Avian receptor bound to avian H7 HA, in this case with a 
trans conformation about the glycosidic bond. c, Aerosol-transmissible H5 
mutant HA in complex with avian receptor and d, avian H5 HA in complex 
with avian receptor. 


about the Sia-1-Gal-2 glycosidic bond is cis in both human and avian 
HA complexes, as it is in complexes formed by HAs of pandemic viruses 
and the aerosol-transmissible H5 mutant HA and wild-type avian H5 
HA*®. The conformation of the human receptor bound to avian H7 HA 
is in fact very similar to that of human receptor bound to wild-type 
avian H5 HA (Fig. 2d). Analysis of the human receptor shows that there 
is a 45° difference in rotation around the Gal-2 C6-C5 bond between 
the human and avian H7 HA complexes. For comparison, between 
aerosol-transmissible H5 mutant and wild-type avian H5 HA com- 
plexes, the rotation is about 90°°. As a consequence, Gal-2 and NAG- 
3 of the human receptor are 3-7 A further away from the 190-helix in 
the human H7 HA complex than in the aerosol-transmissible H5 
mutant complex (Fig. 2a, c). 

There are two amino acid substitutions in the receptor-binding site 
between avian and human H7 HAs; the glutamine residue at position 
226, characteristic of avian viruses, is replaced by a hydrophobic leucine 
and the glycine residue at position 186 in the avian HA changes to a 
bulkier hydrophobic valine residue in human H7 (residues are num- 
bered throughout according to the H3 convention). The effect of these 
two substitutions is to make the part of the binding site where Gal-2 sits 
substantially more hydrophobic. The role of Leu 226 in human HAs is 
well documented**"*; it generates a hydrophobic patch under the C6 of 
Gal-2 and widens the separation between the 220-loop and the 130-loop 
by about 1 A. In the case ofhuman H7 the leucine makes similar contacts 
with the carbons of the Gal-2 ring, but there is only a slight increase in the 
220-loop-130-loop separation compared to avian H7. The potential 
role of Val 186 in human H7 is indicated by comparison with aerosol- 
transmissible H5 mutant HA, where the equivalent residue is an aspar- 
agine. Asn 186 is involved in a hydrogen-bond network with two water 
molecules that also involves the 3'-OH of Gal-2. The presence of valine 
at this position precludes the occupancy of the two water molecules 
and probably accounts for the fact that Gal-2 sits further out of the site 
than is the case in the aerosol-transmissible HS mutant HA complex. 

The avian receptor complex of human H7 HA shows good electron 
density for Sia-1, Gal-2 and NAG-3 of the receptor, as does the avian 
receptor complex of avian H7 HA (Supplementary Fig. 2). The avian 
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receptor adopts a cis configuration about the Sia-1-Gal-2 glycosidic 
bond when bound to human H7 HA (Fig. 3a), but a trans arrangement 
when bound to avian H7 HA (Fig. 3b)—which is typical of avian recep- 
tors binding to avian HAs. The avian receptor bound to human H7 
adopts a similar arrangement to that seen for the aerosol-transmissible 
H5 mutant complex, although Gal-2 and NAG-3 are rotated slightly 
differently (Fig. 3a, c). As discussed above, the introduction of the bulky 
hydrophobic leucine residue at position 226 alters the binding environ- 
ment leading to the switch from a trans to cis configuration. The con- 
formation of avian receptor bound to avian H7 is very similar to that in 
other avian receptor—-avian HA complexes’’ for Sia-1 and Gal-2, but 
there is a 65° rotation of NAG-3 relative to Gal-2 that would mean an 
extended sialosaccharide chain would exit the avian HA receptor bind- 
ing site in a somewhat different direction to that normally seen for avian 
receptor complexes (Fig. 3b, d). 

From our comparisons of the structures of human and avian H7 
HAs and the complexes that each forms with human and avian recep- 
tor analogues, together with our observations on receptor binding 
affinity and specificity, we deduce a structural basis for the role of 
the H7 HA in human infection and consider its potential contribution 
to virus transmissibility and to the severity of infection. Like the HAs 
from H2 and H3 pandemic viruses, the human H7 HA contains the 
Gln226Leu substitution that provides a non-polar binding site for C-6 
and the ring carbons of Gal-2 of the human receptor. The substitution 
Gly186Val, which has been reported to influence receptor-binding 
specificity in European H7 viruses", also increases the hydrophobicity 
of the binding site to favour interactions with human receptor. As a 
result the human receptor adopts a conformation in which NAG-3 
extends towards the top of the site, but in a less vertical position than in 
similar complexes formed by either H1, H2 or H3 pandemic virus 
HAs*">. This conformation is, however, markedly different from that 
adopted by human receptor in complex with avian H7 HA (Fig. 2). 

A particular structural feature of H7, H10 and H15 (the H7 clade) 
receptor binding sites!®, by comparison with those of all other HAs, 
results from an insertion of two residues after position 156, which 
causes the 150-loop to protrude into the site (Fig. 2). This protrusion 
may also influence the orientation of the human receptor bound to 
human H7 HA, because binding of human receptor in the more ver- 
tical conformations (observed in complexes with the HAs of H1, H2 
and H3 pandemic viruses) would be sterically restricted (Supplemen- 
tary Fig. 3 and ref. 12). 

In close similarity to the HAs of pandemic viruses, and to the HA of 
the aerosol-transmitted H5 mutant virus’, the human H7 HA binds 
avian receptor in a different conformation from that observed in the 
complex formed by avian H7 HA with avian receptor. However, 
although human H7 virus shows increased affinity for human recep- 
tor, by comparison with avian H7 virus, it retains a similar affinity for 
avian receptor. Because mucins in the human respiratory tract are rich 
in 02,3-linked sialic acid (avian receptor)’, this retained affinity of 
human H7 virus for avian receptors and the interactions with mucins 
that could result would restrict its binding to human cellular receptors 
and limit infection. 

In addition to its role in receptor binding, a number of other prop- 
erties of HA could influence transmission of the H7N9 virus: (1) HA is 
the influenza virus membrane fusion protein that mediates entry of the 
genome-transcriptase complex into cells during infection; (2) because 
both HA (receptor-binding protein) and NA (receptor-destroying 
enzyme) glycoproteins of the influenza virus membrane recognize 
sialic acid, a balance between their activities is required for efficient 
virus replication’*””. 

In relation to HA function in membrane fusion, there are no obvi- 
ous sequence differences between the human and avian H7 HAs in the 
regions of HA precursor cleavage or the fusion subdomain that could 
influence virus pathogenicity°’ **. However, the pH at which confor- 
mational changes in HA occur, that are required for membrane fusion, 
is higher for human H7 HA than for HAs of the H7N3 virus and of 
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pandemic viruses (pH 6.3 versus pH 5.6, Supplementary Fig. 4 and refs 
21, 23). This indicates that the human H7 HA is comparatively less 
thermostable’, and may require mutation to increase its stability, in a 
similar way to that achieved by the Thr318Ile substitution in the aero- 
sol-transmissible H5 mutant HA®”’, before it would be able to transmit 
efficiently between mammals. 

Finally, a balance of HA and NA activities is required for efficient 
infection. In poultry H7 viruses, from which the human H7N9 virus 
derives, deletions that shorten the NA stalk and decrease its enzyme 
activity are commonly observed™. In our biolayer interferometry studies 
of virus receptor binding we were also able to estimate the NA activity of 
the human H7N9 virus, by comparison with pandemic H3N2 virus 
(Supplementary Fig. 5). For both avian and human receptor analogues 
the human H7N9 virus NA activity was considerably lower. Because the 
receptor-binding properties of the human H7N9 virus are likely to be 
different from the avian H7N9 virus, and the NA activity is clearly low 
for human receptor, a combination of increased NA activity and/or 
decreased HA affinity for human receptor is likely to be required for 
efficient transmission of the H7N9 virus in mammals. 


METHODS SUMMARY 

The HA genes from two viruses. A/Anhui/1/2013 (H7N9) (human H7) and 
A/turkey/Italy/214845/2002 (H7N3) (avian H7) were sub-cloned into a modified 
pAcGP67A vector which carries a TEV protease site, a trimerization foldon and a 
His-tag. The initial human H7 HA clone we used differed at two residues from the 
previously published sequence (Leu 20 and Thr 135), and a second clone was also 
produced for structural studies that contained the published sequence (Val 20 and 
Ala 135). Proteins were expressed in Sf-9 cells and purified as described before”®. 
Both human and avian HAs were crystallized from 0.1 M PIPES pH7.0, 2.3M 
ammonium sulphate, 1% PEG 400. Crystals were cryoprotected with crystalliza- 
tion solution plus 20% ethylene glycol and HA-receptor complexes were prepared 
by soaking HA crystals in cryoprotected crystallization solution supplemented 
with 100 mM receptor analogues «2,3- and «2,6-linked sialyl lactosamine sugars 
(02,3-SLN and «2,6-SLN, respectively). Diffraction data were collected at 100 K at 
the Diamond synchrotron, processed in the XIA2 pipeline. Structures were built 
with Coot” and refined with Refmac’*. The receptor complex structures obtained 
from both clones are very similar and are presented in Supplementary Fig. 2. 
Biolayer interferometry. Influenza viruses were grown in hens’ eggs and purified 
according to standard protocols”. Virus binding to defined receptor analogues was 
measured on an Octet RED biolayer interferometer (Pall ForteBio). Biotinylated 
02,3-SLN and «2,6-SLN were purchased from Lectinity Holding. Binding of 
viruses (at 100 pM) was measured at 25 °C in a 30-50 min association step. All 
solutions also contained 10 [1M oseltamivir carboxylate (Roche) and 10 uM zana- 
mivir (GSK) to prevent cleavage of the receptor analogues by the viral neurami- 
nidase. The (relative) amount of virus bound to the biosensor at different relative 
sugar loadings was calculated from the amplitude of the response at the end of the 
association step. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

The HA genes from two viruses. A/Anhui/1/2013 (H7N9) (human H7) and 
A/turkey/Italy/214845/2002 (H7N3) (avian H7) were sub-cloned into a modified 
pAcGP67A vector which carries a TEV protease site, a trimerization foldon and a 
His-tag. The initial hman H7 HA clone we used differed at two residues from the 
previously published sequence (Leu 20 and Thr 135), and a second clone was also 
produced for structural studies that contained the published sequence (Val 20 and 
Ala 135). Proteins were expressed in Sf-9 cells and purified as described before’®. 
Both human and avian HAs were crystallized from 0.1 M PIPES pH7.0, 2.3M 
ammonium sulphate, 1% PEG 400. Crystals were cryoprotected with crystalliza- 
tion solution plus 20% ethylene glycol and HA-receptor complexes were prepared 
by soaking HA crystals in cryoprotected crystallization solution supplemented 
with 100 mM receptor analogues «2,3- and 02,6-linked sialyl lactosamine sugars 
(42,3-SLN and «2,6-SLN, respectively). Diffraction data were collected at 100 K at 
the Diamond synchrotron, processed in the XIA2 pipeline. Structures were built 
with Coot” and refined with Refmac”. The receptor complex structures obtained 
from both clones are very similar and are presented in Supplementary Fig. 2. 
Biolayer interferometry. Influenza viruses were grown in hens’ eggs and purified 
according to standard protocols”. 

Virus binding to defined receptor analogues was measured on an Octet RED 
biolayer interferometer (Pall ForteBio). Biotinylated 02,3- and 02,6-linked sialyl 
lactosamine sugars (02,3-SLN and «2,6-SLN, respectively) were purchased from 
Lectinity Holding. These were approximately 30 kDa polymers containing 20% 
mol sugar and 5% mol biotin linked to a polyacrylamide backbone. The polymers 
were immobilized on streptavidin biosensors (Pall ForteBio) at concentrations 
ranging from 0.01 to 1.5 jg ml’. The relative sugar loading (RSL) of the biosensor 
was calculated from the amplitude of the response at the end of the 5-10 min 
loading step. The maximum response at complete saturation was ~ 0.6 nm. 

Binding of viruses (at 100 pM) was measured at 25 °C in a 30-50 min asso- 
ciation step. The buffer was 10 mM HEPES (pH 7.4), 150 mM NaCl, 3mM EDTA 
and 0.005% Tween-20. All solutions also contained 10 1M oseltamivir carboxylate 
(Roche) and 10 LM zanamivir (GSK) to prevent cleavage of the receptor analogues 
by the viral neuraminidase. The drugs were omitted in some experiments designed 
to investigate the ability of the neuraminidase to cleave the sialic acids from the 
sensor surface. 


The (relative) amount of virus bound to the biosensor at different relative sugar 
loadings was calculated from the amplitude of the response at the end of asso- 
ciation step. These measured amplitudes were normalized by dividing by the 
maximum response (typically 5-6 nm) and this normalized response was plotted 
as a function of the relative sugar loading (see Fig. 1 main text). These normalized 
virus binding response curves report the fractional saturation of the sensor surface 
(f) and smooth lines through the curves were generated by fitting the data to a 
simple variant of the Hill equation: 


= [RSL]" 
J~ TRStas]"+ RSL 


where RSL is the relative sugar loading, RSL 5 is the relative sugar loading at half 
saturation (f= 0.5), and n is a Hill coefficient. The fractional saturation of the 
sensor surface (f) can be related to an apparent equilibrium dissociation constant 
for virus binding, Kacvirus) in the normal way: 


[Virus] 
[Virus] + K, (Virus) 


[Virus](1—f) 


So that Kavirus) = and Kavvirus) can then be calculated as a function 


of the relative sugar loading for f values in the range 0.05 to 0.95. These Kavyirus) 
values were used to calculate the preference ratio for human/avian receptors. For 
example, for the human H7 both receptor analogues have f values in the range 0.05 
to 0.95 for RSL values in the range 0.1 to 0.25. Over this range Kacvirus) for the avian 
receptor changes from ~200 pM (at RSL = 0.1) to ~6 pM (at RSL = 0.25) whereas 
Kavirusy for the human receptor changes from ~750pM (at RSL=0.1) to 
~18pM (at RSL = 0.25). We therefore estimate that the preference ratio calcu- 
lated over this range of RSL values is 0.32 + 0.04. In the same way, the human 
receptor:avian receptor preference ratio for the H3 pandemic virus = 10:1, the 
preference ratio for the aerosol-transmissible H5 mutant virus = 200:1, and the 
preference ratio for the avian H5 virus = 5 X 10°’. 

All measurements with human H7 virus were made under appropriate bio- 
logical safety conditions. 
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Human infection associated with a novel reassortant avian influ- 
enza H7N9 virus has recently been identified in China’. A total of 
132 confirmed cases and 39 deaths have been reported’. Most 
patients presented with severe pneumonia and acute respiratory 
distress syndrome**. Although the first epidemic has subsided, the 
presence of a natural reservoir and the disease severity highlight the 
need to evaluate its risk on human public health and to understand 
the possible pathogenesis mechanism. Here we show that the emer- 
ging H7N9 avian influenza virus poses a potentially high risk to 
humans. We discover that the H7N9 virus can bind to both avian- 
type (@2,3-linked sialic acid) and human-type (a2,6-linked sialic 
acid) receptors. It can invade epithelial cells in the human lower 
respiratory tract and type II pneumonocytes in alveoli, and repli- 
cated efficiently in ex vivo lung and trachea explant culture and 
several mammalian cell lines. In acute serum samples of H7N9- 
infected patients, increased levels of the chemokines and cytokines 
IP-10, MIG, MIP-1B, MCP-1, IL-6, IL-8 and IFN-a were detected. 
We note that the human population is naive to the H7N9 virus, and 
current seasonal vaccination could not provide protection. 

In February 2013, a novel avian influenza H7N9 virus emerged in 
China and was found to infect humans'. As of 31 May 2013, a total of 
132 human infections and 39 fatal cases have been identified”. Most 
cases have occurred among elders who were considered to be at 
increased risk for influenza complications because of age immunity 
and/or underlying medical conditions*. In contrast to other previous 
human H7 infections that mainly manifested mild illness or conjunc- 
tivitis, most H7N9 patients were critically ill and presented severe 
pneumonia and acute respiratory distress syndrome’**. Sequence ana- 
lysis of the avian influenza A (H7N9) virus indicates that it possesses 
several genetic features contributing to its ability to infect humans, and 
raises concerns about the pandemic potential’. Therefore, to evaluate 
its risk on human public health and understand the possible patho- 
genesis mechanism, we investigated the biological features of the 
H7N9 virus and the host immunity of infected patients as well as 
the general human population. 

It is generally accepted that haemagglutinin-receptor-binding prefer- 
ence to 02,6-linked (human-type) sialylated glycans is the initial key step 
for a novel influenza-virus-causing pandemic. First, we tested the receptor- 
binding property of the novel H7N9 viruses (A/Shanghai/1/2013 (SH1), 
A/Shanghai/2/2013 (SH2), and A/Anhui/1/2013 (AH1)) using glycan 
dose-dependent binding assays as described previously*. We discovered 
that the viruses bound to both avian-type (02,3) and human-type («2,6) 
receptors, whereas avian influenza HSN1 (A/Anhui/01/2005) and pan- 
demic H1N1 (A/California/07/2009) viruses preferentially bound to 
02,3 and «2,6 receptors respectively, as expected (Fig. 1). The enhanced 


«2,6-binding of H7N9 may attribute to single or multiple substitutions 
in haemagglutinin including Alal38Ser in SH1 or Gly186Val and 
Gln226Leu in both SH2 and AH1, as reported elsewhere*”’. The pres- 
ence of alanine at residue 160 in haemagglutinin of all three viruses 
resulted in a glycosylation loss and had been observed to increase the 
affinity of the H5N1 virus for human-type receptors'*’’. Furthermore, 
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Figure 1 | Receptor binding properties. a-c, Dose-dependent binding of 
A/Shanghai/1/2013 (a), A/Shanghai/2/2013 (b) and A/Anhui/1/2013 (c) viruses 
to both «2,3 and «2,6 glycans at the concentration of 0, 0.156, 0.3125, 0.625, 1.25 
and 2.5 pg ml sialylglycopolymers. d, The binding pattern of H7N9, H5N1 
(A/Anhui/01/2005) and pandemic H1N1 (A/California/07/2009) viruses were 
exhibited at 2.5 ,g ml '. H5N1 data were obtained previously, as H5SN1 and 
H7N9 viruses cannot be simultaneously handled owing to biosafety reasons. 
Results denote mean + s.e.m. from two separate assays performed in duplicate. 
3'SLN, Neu5Aca2-3GalB1-4GIcNAc; 3’SLN-LN, Neu5Aco2-3(Gal 
B1-4GIlcNAcB1-3),; 6'SLN, Neu5Aco2-6GalB1-4GIcNAc; 6’SLN-LN, 
Neu5Aco2-6(Galfs1-4GIcNAc1-3)>. 
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Figure 2 | Ex vivo infection of trachea or lung tissue with A/Anhui/1/2013 
(AH1) or A/Shanghai/1/2013 (SH1). a, b, Trachea (a) and lung (b) explants 
without infection. ¢, d, Influenza nucleoprotein (brown, arrows) detected in 
trachea (c) and lung (d). e-g, Nucleoproteins in trachea epithelia/pneumocytes 
(e, f; red, cytokeratin staining) and type II pneumocytes (g) (red, surfactant 
staining). h, Extracellular viral particles (arrows) in AH1-infected lung detected 
by transmission electron microscopy. i, Viral replication in AH1-infeted lung/ 
trachea tissues from one donor (filled/empty circle, respectively). j, Viral yields 
of lung fragments from two additional donors (A/B, solid/dotted line, 
respectively) infecting AH1 (circle) and SH1 (square). Original 
magnifications: X10 (a, b), X40 (c, d) and X 100 (e-g). 


H7N9 viruses bound to long «2,6 glycans («2-6 SLN-LN) efficiently 
(Fig. 1). Long «2-6 oligosaccharides with an umbrella-like topology, 
which are rich in human and swine respiratory epithelial cells, are 
involved in the adaptation and infection of influenza viruses in these 
hosts*”*"°. The increased preference of the H7N9 virus for human-type 
receptors may result in its higher cross-species transmissibility than the 
H5N1 viruses, which prefer avian-type receptors. This receptor specifi- 
city had been considered to be responsible for the major species barrier 
preventing H5N1 from efficient infection and transmission in humans. 
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Figure 3 | Sera chemokine/cytokine levels of acutely infected patients by avian 
H7N9 or H5N1 viruses. a—h, Sera concentrations of the chemokines and 
cytokines IP-10 (a), MIG (b), MIP-1 (c), MCP-1 (d), IL-6 (e), IL-8 (f), IFN-« 
(g) and IFN-y (h) were measured using cytometric bead-array assays according 
to the manufacturers’ instructions. Results are presented as mean + s.e.m. from 
the specimens of 11 H5N1, 7 H7N9 and 30 close contacts tested in duplicate. P 
values are shown on the figure; differences between groups were tested using 
non-parametric Kruskal-Wallis analysis of variance (ANOVA) with Dunn’s 
post-hoc test for multiple comparisons. 


Human upper respiratory tissues and trachea contain mainly «2,6 
receptors, whereas lung tissues contain a mixture of «2,3- and 02,6- 
linked siallic acid*"*. To assess the effect of dual-receptor binding of the 
H7N9 virus to human respiratory tracts, sections of tracheal and lung 
explants were infected. We found that the epithelial cells in the human 
lower respiratory tract and type II pneumocytes in the alveoli were 
susceptible for H7N9 virus infections, as evidenced by the expression 
of viral nucleoprotein (Fig. 2c—g). Extracellular viral particles were also 
observed in infected lung tissues at 24 hours post infection (h.p.i.) by 
transmission electron microscopy (Fig. 2h). Productive viral infection 
in the trachea and lung was demonstrated by increased viral yields in 
culture supernatants. Notably, the virus titre in lung tissues was about 
tenfold higher than that in tracheal tissues (Fig. 2i), which was con- 
sistent with the results of nucleoprotein staining (Fig. 2c, d). Efficient 
replication of the H7N9 virus in type II pneumocytes may cause lung 
function to deteriorate’, as seen with the H5N1 virus’’. Lower viral 
yields in the trachea may be associated with the inefficient human- 
to-human transmission. Although AH1 and SH1 show common high 
binding preferences to «2,3 glycans, a more productive replication of 
AH1 in lung tissues was observed, with a peaking titre around 100-fold 
higher than that of SH1 (Fig. 2j). This indicated that viral replications 
in respiratory tissues are not solely determined by receptor-binding 
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Table 1 | Cross-reactive antibody response against the H7NQ virus 


Age group Subjects Age distribution Antigen Increase in antibody Geometric mean titre Titre = 40 (%) Titre = 160 (%) 
(years) titre by a factor of =4 
(%) Before After Before After Before After 
vaccination vaccination vaccination (%) vaccination (%) vaccination (%) vaccination (%) 

Children 30 3-5 CAO7 76.7 20.5 272.2 43.3 80.0 10.0 73.3 
Vic361 36.7 55.3 152.8 73:3 93.3 16.7 60.0 
HB158 86.7 36.5 432.1 63.3 96.7 13.3 83.3 

AH1 ) <5 <5 0) 0) ) 0 
Adults 30 18-59 CAO7 70.0 14.8 156.3 26.7 76.7 0) 60.0 
Vic361 53.3 9.8 38.2 13.3 70.0 0.0 13.3 
HB158 80.0 28.9 259.9 53.3 96.7 10.0 76.7 

AH1 ) <5 <5 0 0) 0 ) 
Older people 30 =60 CAO7 46.7 10.5 52.8 10.0 53.3 0 30.0 
Vic361 40.0 25.8 68.1 40.0 90.0 0.0 30.0 
HB158 60.0 33:2 211.1 63.3 93.3 6.7 53.3 

AH1 ) <5 <5 0 0) 0 0 


Cross-reactive antibody response against the novel H7N9 virus in paediatric and adult recipients of 2012-2013 seasonal trivalent inactivated influenza vaccines. All children received two doses of vaccine, with a 
1-month interval. The composition of the trivalent vaccine were A/Christchurch/16/2010 (NIB-74xp) (A/California/07/2009-like), A/Victoria/361/2011 (H3N2) IVR-165 and B/Hubei-Wujiagang/158/2009. 
AH1, A/Anhui/1/2013 (H7N9); CAO7, A/California/07/2009 (H1N1); HB158, B/Hubei-Wujiagang/158/2009; Vic361, A/Victoria/361/2011 (H3N2). 


properties, but that other factors, such as viral polymerase and host 
factors, may also have a role. Moreover, H7N9 isolates demonstrated 
advanced growth capabilities in human, porcine and canine cell lines 
that were comparable to that of the pandemic 2009 H1N1 virus (Sup- 
plementary Fig. 2). 

The dysfunction of the chemokine and cytokine response is consid- 
ered to be associated with severe human H5N1 infection'*”’. Therefore, 
we measured the concentrations of chemokines and cytokines in acute 
sera from seven patients infected with H7N9 by cytometric beads array 
(detailed sampling information shown in Supplementary Table 3). The 
levels of IP-10, MIG, MIP-18, MCP-1, IL-6, IL-8 and IFN-« were 
significantly higher in patients with H7N9 than in healthy subject con- 
trols (Fig. 3). No significant differences were detected between patients 
with H7N9 and H5NI1, with the exception of the MIG and MIP-1B 
levels. The MIG response was significantly lower in patients with H7N9 
than with H5N1, whereas the MIP-1f response was significantly higher 
in patients with H7N9 than with H5N1 (Fig. 3). The hypercytokinaemia 
in patients with H7N9 may be one of the important contributors to 
clinical severity, as seen in H5N1 infections”. Notably, most of the 
severe H7N9 cases were in old adults (=60 years), which might be 
due to the enhanced expression of chemokine receptor related to ageing 
or chronic diseases, as observed previously*’™*. 

Pre-existing immunity in the general population is one of the deter- 
mining factors for the susceptibility to a novel influenza virus. In the event 
of H7N9 virus, little is known about the level of pre-existing or cross- 
reactive immunity in humans. We measured haemagglutination inhibi- 
tion (HAI) and neutralization antibody responses against the H7N9 virus 
in different age groups (children, 3-5 years old; adults, 18-59 years old, 
and old people, =60 years old) of pre- and post-seasonal influenza vac- 
cination. No pre-existing immunity was detected in serum samples of 
all age groups. Also, no detectable cross-reactive antibodies against the 
H7N9 virus were present in all age groups after current seasonal vaccina- 
tion (Table 1 and Supplementary Table 1). These data demonstrated that 
the human population is naive to the H7N9 virus, and current seasonal 
vaccination does not protect against H7N9 infection. 

The antiviral drugs M2 ion channel blockers (amantadine and riman- 
tadine) and neuraminidase inhibitors (oseltamivir, zanamivir, peramivir 
and laninamivir) are available at present for the prophylaxis and treat- 
ment of influenza virus infection. However, the H7N9 isolates contain 
one M2 blocker resistance-related mutation (Ser31Asn). Tested by our in 
vitro neuraminidase function assay, current H7N9 viruses are found to be 
sensitive to both oseltamivir and zanamivir (Supplementary Table 2). 
However, the antiviral resistance in A/H7N9 viruses should be a con- 
cern, as neuraminidase inhibitor-resistance mutants associated with a 
neuraminidase Arg292Lys substitution were recently observed in 
two patients infected with H7N9 and correlated with adverse clinical 
prognosis”. 
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Although no efficient human-to-human transmission has occurred, 
biological features we demonstrated here, such as a dual receptor- 
binding preference and high growth ability, provide the H7N9 virus 
with higher transmissibility from avian to human. Together with the 
challenges in the available treatments for H7N9 infection caused by its 
clinical severity and emerging antiviral resistance, further unpredict- 
able evolution and adaptation of the H7N9 virus and the lack of pre- 
existing immunity leave the human population at high risk. Thus, the 
threats of the H7N9 virus with pandemic potential should not be 
underestimated and intensive surveillance must be undertaken. 


METHODS SUMMARY 

Viruses and cells. All H7N9 avian influenza viruses were isolated and passaged in 
9-day-old embryonated specific pathogen-free chicken eggs. All experiments with 
H7N9 viruses were performed in approved enhanced biosafety level 3 (BSL-3) 
containment laboratories. Human type II alveolar epithelial (A549) cells were 
maintained in DMEM, and Madin-Darby canine kidney (MDCK) and porcine 
kidney (PK15) cells were maintained in MEM, supplemented with 10% FBS, 
glutamine, HEPES, penicillin and streptomycin. 

Direct binding assay with synthetic sialylglycopolymers. As described elsewhere’, 
serial dilutions of sialylglycopolymers in PBS were coated in 96-well flat-bottom 
polystyrene plates overnight at 4°C. Thirty-two haemagglutination unit (HAU) 
live viruses per well, and oseltamivir carboxylate at a final concentration of 17.5 uM 
were added, as described previously”*. After incubating with appropriate amounts 
of the primary antibodies, the secondary antibody was added, and bound antibody 
was detected using tetramethylbenzidine substrate solution. 

Ex vivo infection of human lung and tracheal tissue by the H7N9 virus. Tissue 
fragments were infected with 2 x 10’ TCIDso (the tissue culture infectious dose 
affecting 50% of the cultures) A/Anhui/1/2013 virus for 24h and 48h, and the 
infectivity was assayed by immunohistochemistry staining and morphology exam- 
ination. For replication tests, the tissue fragments were infected with 10* TCIDso 
A/Anhui/1/2013 or A/Shanghai/1/2013 virus. The viral titres in the supernatants 
at 1, 24, 48 and 72 h.p.i. were measured in MDCK cells. 

Cytokine and chemokine measurement. Sera concentrations of the chemokines 
and cytokines IP-10, MIG, MCP-1, MIP-1f, IL-6, IL-8, IFN-« and IFN-y were mea- 
sured using cytometric bead-array assays according to the manufacturers’ instructions. 
Cross-reactive antibody assay. A total of 90 stored serum samples vaccinated 
with seasonal influenza vaccines between 2012 and 2013 were tested for antibody 
responses to the novel H7N9 subtype A/Anhui/1/2013 virus. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Cell culture. Human type II alveolar epithelial (A549), Madin-Darby canine kid- 
ney (MDCK) and porcine kidney (PK15) cells were obtained from the American 
Type Culture Collection. A549 cells were maintained in DMEM (Invitrogen) and 
MDCK and PK15 cells were in MEM (Invitrogen), supplemented with 10% FBS 
(Invitrogen), glutamine (2 mM; Invitrogen), HEPES (10 mM; Invitrogen), penicil- 
lin (100 U ml}), and streptomycin (100 pg ml}; Invitrogen). 

Virus preparation, titration and infection. In view of the biosafety issues involved 
in handling H7N9 viruses, the experiments were conducted in approved enhanced 
biosafety level 3 (BSL-3) containment laboratories. The viruses were propagated in 
9-day-old embryonated specific pathogen-free chicken eggs, by a first passage in the 
H7N9 strain. The allantoic fluid was collected at 48 h.p.i., aliquoted, and stored at 
—80°C until use. Infectious titres (TCID;o, the tissue culture infectious dose affect- 
ing 50% of the cultures) were performed in confluent MDCK cells and confirmed by 
haemagglutination assay. 

Neuraminidase inhibitors. Oseltamivir carboxylate (4-N-acetyl-5-amino-3-(1- 
ethylpropoxy)-1-cyclohexane-1 carboxylic acid), the active metabolite of oseltami- 
vir, was provided by Hoffmann-La Roche. Zanamivir (4-guanidino-Neu5Ac2en) 
was provided by GlaxoSmithKline. 

Direct binding assay with synthetic sialylglycopolymers. Receptor specificity was 
investigated using biotinylated glycans including 3’-SLN, 3'-SLN-LN, 6'-SLN and 
6'SLN-LN (see legend to Fig. 1), which were obtained from the Consortium of Func- 
tional Glycomics through their resource request program. As described elsewhere’, 
serial dilutions of sialylglycopolymers in PBS were coated in 96-well flat-bottom 
polystyrene plates overnight at 4°C. Thirty-two haemagglutination unit (HAU) live 
viruses per well and oseltamivir carboxylate (Hoffmann-La Roche) at a final concen- 
tration of 17.5 [1M were added, as described previously”*. After incubating with appro- 
priate amounts of the primary antibodies, including a panel of rabbit sera against an 
Eurasian H7N7 virus isolated from the environment, A/California/07/09 (HIN1) and 
A/Anhui/01/2005 (H5N1) viruses, the secondary antibody was added (horseradish 
peroxidase (HRP)-conjugated goat anti-rabbit IgG; Santacruz Biotechnology), and 
bound antibody was detected using tetramethylbenzidine substrate solution (R&D 
Systems). All procedures were performed at 4°C to avoid the cleavage effects of 
neuraminidase on the binding. 

Growth curves in vitro. A549, MDCK and PKI15 cells were infected with 
A/Shanghai/1/2013, A/California/07/2009 or A/Anhui/1/2013 virus at a multipli- 
city of infection (MOI) of 0.001. One hour after inoculation at 37°C, at time 
point 0, the cells were washed once with PBS, and fresh infection medium con- 
taining 2mg] ' N-p-tosyl-L-phenylalaninechloromethy! ketone-treated (TPCK) 
trypsin (Sigma) was added. The supernatants were sampled at 12, 24, 48, 72 and 
96h.p.i. and the viral titres in these supernatants were determined by endpoint 
titration in MDCK cells as described”’. 

Ex vivo infection of human lung and tracheal tissue by the H7N9 virus. Human 
tracheal and lung sections were obtained from one donor, and two additional lung 
fragments were obtained from another two donors of uninvolved portions of 
surgical resection samples from patients undergoing removal of lung tissue for 
possible carcinoma, and regions containing carcinoma or infection were excluded. 
All patients gave informed consent under a study approved by the Institutional 
Review Board of National Institute for Viral Disease Control and Prevention, 
China CDC. The tissues from each donor were cut into multiple 2-3-mm frag- 
ments and were infected with A/Anhui/1/2013 ata titre of 2X 10” TCIDso virus at 
37 °C for 24h and 48 h and the infectivity was assayed by immunohistochemistry 
staining and morphology examination. As to the replication tests, the tissue frag- 
ments were infected with 10* TCIDs9 A/Anhui/1/2013 or A/Shanghai/1/2013 
virus. One hour after inoculation at 37 °C, at time point 0, the tissues were washed 
three times with 2 ml PBS, and 500 ull fresh infection medium containing 2 mg]! 
TPCK trypsin was added. The supernatants were sampled at 1, 24, 48 and 72 h.p.i. 
and the viral titres in these supernatants were determined by endpoint titration in 
MDCK cells. 

H&E staining and immunohistochemistry. Routine haematoxylin and eosin 
(H&E) staining was used to determine the histology of lung and trachea explants. 
To determine the viral infection in lung or bronchus tissues, immunohistochem- 
ical staining was performed on 4-1m-thick deparaffinized sections using mono- 
clonal antibodies against the nucleoprotein of influenza A (VS2525, USCDC) by 
using a polymer-based colorimetric indirect immunoalkaline phosphatase method 
(Thermo Scientific/Lab Vision). Sequential tissue sections incubated with normal 
serum pertinent to the primary antibody were used as negative controls. Paraffin- 
embedded sections were deparafinized by two washes in xylene and were rehy- 
drated through decreasing concentration of ethanol. After washing with PBS for 
5 min at room temperature, sections were treated with 200 pg ml! proteinase K 
for 20min. After blocking with UV blocking buffer (Thermo Scientific/Lab 
Vision), the sections were incubated with specific antibodies for 30 min at room 
temperature. Unbound antibody was removed by 0.5% PBS tween-20 (PBST) 


before adding HRP-labelled polymer for 15 min at room temperature (Thermo 
Scientific/Lab Vision). After washing unbound labelled polymer, peroxidase stain- 
ing in tissue sections was revealed by DAB solution (Thermo Scientific/Lab Vision). 
Double-stain immunohistochemistry was performed using peroxidase polymer- 
labelled antibodies (Thermo Scientific/Lab VisionDako) against cytokeratin AE1/ 
AE3 (188132, Invitrogen) as the marker for epithelial cells, surfactant protein A as 
the marker for type II pneumoncytes (ab51891, abcam) on the sections with the 
nucleoprotein staining, followed by the mouse anti-influenza A nucleoprotein 
antibody labelled with immunoalkaline phosphatase polymer. All staining steps 
were completed on an automatic staining system (DAKO, Denmark). After stop- 
ping the reaction in running water, sections were counterstained by a quick dip ina 
Mayer’s haematoxylin solution. The sections were mounted with DPX and exam- 
ined by light microscopy (ZEISS M2). 

Cytokine and chemokine measurement. Sera concentrations of the chemokines/ 
cytokines IP-10, MIG, MCP-1, MIP-1f, IL-6, IL-8, IFN-« and IFN-y from seven 
patients with H7N9 and ten close contacts were measured using cytometric bead- 
array assays (CBA; Becton Dickinson) according to the manufacturers’ instruc- 
tions. Fifty microlitres of tested sera or sera diluents in assay diluent was incubated 
with 50 yl capture beads suspension of each flex set kit per test at room temper- 
ature for 1.5h, and then 50 ul phycoerythrin-conjugated detection reagent was 
added for another 1.5 h. After washing in 1 ml wash buffer, the samples were run 
and FACS data were collected using a FACSAria I flow cytometer and analysed 
using BD Cytometric Bead Array 1.4 software. The data together with those of 11 
confirmed patients with H5N1 and 20 close contacts previously measured by CBA 
were analysed. 

Cross-reactive antibody assay. We assessed the level of cross-reactive antibody 
to H7N9 virus in 90 subjects before and after they had been vaccinated with 
the 2012-2013 seasonal influenza vaccines. The compositions of the trivalent 
vaccine were A/Christchurch/16/2010 (H1N1), A/Victoria/361/2011 (H3N2) and 
B/Hubei-Wujiagang/158/2009. The HAI assay was according to standard proto- 
cols with 0.5% turkey red blood cells (TRBCs) and a microneutralization assay as 
the standard protocols were performed**”. Both HAI and microneutralization 
titres of 20 or more were defined as seropositive. We tested the samples for 
antibody responses to the novel H7N9 subtype viruses A/Anhui/1/2013. Before 
the HAI assay, serum samples were treated with a 1:4 (v/v) dilution of receptor- 
destroying enzyme (RDE; Denka Seiken) at 37 °C for 18 h, followed by incubation 
at 56°C for 30min. The serum samples for the microneutralization assay were 
inactivated at 56°C for 30 min. The acute and convalescent sera of two patients 
with H7N9 and animal sera against H5N1 or 2009 pdmHINI virus were included 
in the HAI and microneutralization tests as controls. For the HAI assay, 25-1 
serial twofold sera diluents were incubated with standard virus of 4 HAU per 25 pl 
at room temperature for 30 min. Then, 50-1 standardized 0.5% TRBCs were 
added, mixed well and settled at room temperature for the appropriate 30 min. 
For the microneutralization assay, 50-11 serial twofold sera diluents were incu- 
bated with standard virus of 100 TCIDso per 50 ll at 37 °C, 5% CO) for 60 min. 
Then, 100 pl 1.5 X 10* MDCK cells per well was added for a further 18 h at 37 °C, 
5% CO . On day 2, the cells were fixed by 80% cold acetone and stained by anti- 
influenza A nucleoprotein monoclonal antibody pool (MAB8257 and MAB8258, 
Millipore) and peroxidase polymer-labelled goat anti-mice IgG (074-1802, 
Kirkegaard & Perry Laboratories). Bound antibody was detected using freshly 
prepared o-phenylenediamine dihydrochloride and citrate buffer (Sigma). The 
test dose of virus is acceptable if the back-titration is positive in 5-7 wells contain- 
ing the lowest dilution of test virus. 

Neuraminidase inhibition assay. Fluorimetric neuraminidase activity assays 
were done according to the manufacturers’ instructions of the NA-FluorTM kit 
(Life Technologies). In brief, a standardized dose of viruses was incubated with 
various concentrations of oseltamivir carboxylate or zanamivir in assay buffer 
containing 2-(N-morpholino) ethanesulphonic acid and calcium chloride, for 
45min at 37°C. Then, substrate methylumbelliferyl-N-acetylneuraminic acid 
(MUNANA) was added as a fluorescent substrate to this mixture. After incubation 
for another hour at 37°C, stop solution was added to the mixture to stop the 
reaction. The fluorescence signal was measured at an excitation wavelength of 
360 nm and an emission wavelength of 465 nm, and the 50% inhibitory concen- 
trations (IC;9) of antiviral drugs were calculated according to the concentration 
required for reducing neuraminidase activity by 50% by analysis with GraphPad 
Prism software, version 5 (GraphPad Software). 

Electron microscopic examination. The infected lung tissues with H7N9 virus 
were processed for transmission electron microscopy at 24 h post infection ex vivo 
as previously described*’. The AH1-infected lung tissues were cut into several 
1-mm fragments and immerged in fixative (2% paraformaldehyde, 2.5% glutar- 
aldehyde, 0.1% sodium cacodylate buffered, pH 7.2) for 1h at 4°C. Tissues were 
then fixed in 1% osmium tetroxide (0.1% sodium cacodylate buffered, pH 7.2) for 
lhat4°C. After several dehydrations and rehydrations, the blocks were infiltrated 
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with 1:1 (v/v) ethanol/epoxy resin (SPI-Chem low viscosity “Spurr” kits) for 1 h at 
room templerature following Spurr medium infiltration and embedded in BEEM 
embedding capsules with Spurr medium. Cured blocks were cut into ultrathin 
sections with a microtome (LKB Nova) and mounted on copper grids (150 
meshes). The sections were stained with 1% uranyl acetate in 50% ethanol for 
10 min and 0.2% lead citrate for 5 min, and then observed under transmission 
electron microscope (FEI Tecnail2) at 80 kV. 

Statistical analysis. Statistical significance was determined using non-parametric 
tests and the GraphPad Prism 5 software package (GraphPad Software). P< 0.05 
was deemed to indicate statistical significance. 
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Van der Waals heterostructures 


A. K. Geim!? & I. V. Grigorieva! 


Research on graphene and other two-dimensional atomic crystals is intense and is likely to remain one of the leading 
topics in condensed matter physics and materials science for many years. Looking beyond this field, isolated atomic 
planes can also be reassembled into designer heterostructures made layer by layer in a precisely chosen sequence. The 
first, already remarkably complex, such heterostructures (often referred to as ‘van der Waals’) have recently been 
fabricated and investigated, revealing unusual properties and new phenomena. Here we review this emerging 
research area and identify possible future directions. With steady improvement in fabrication techniques and using 
graphene’s springboard, van der Waals heterostructures should develop into a large field of their own. 


mately ten thousand papers now being published every year 

ona wide range of graphene-related topics. Each topic is covered 
by many reviews. It is probably fair to say that research on ‘simple 
graphene’ has already passed its zenith. Indeed, the focus has shifted 
from studying graphene itself to the use of the material in applications' 
and as a versatile platform for investigation of various phenomena. 
Nonetheless, the fundamental science of graphene remains far from 
being exhausted (especially in terms of many-body physics) and, as 
the quality of graphene devices continues to improve’ *, more break- 
throughs are expected, although at a slower pace. 

Because most of the ‘low-hanging graphene fruits’ have already been 
harvested, researchers have now started paying more attention to other 
two-dimensional (2D) atomic crystals® such as isolated monolayers and 
few-layer crystals of hexagonal boron nitride (hBN), molybdenum 
disulphide (MoS,), other dichalcogenides and layered oxides. During 
the first five years of the graphene boom, there appeared only a few 


G raphene research has evolved into a vast field with approxi- 


experimental papers on 2D crystals other than graphene, whereas the 
last two years have already seen many reviews (for example, refs 7-11). 
This research promises to reach the same intensity as that on graphene, 
especially if the electronic quality of 2D crystals such as MoS, (refs 12, 13) 
can be improved by a factor of ten to a hundred. 

In parallel with the efforts on graphene-like materials, another 
research field has recently emerged and has been gaining strength over 
the past two years. It deals with heterostructures and devices made by 
stacking different 2D crystals on top of each other. The basic principle is 
simple: take, for example, a monolayer, put it on top of another mono- 
layer or few-layer crystal, add another 2D crystal and so on. The resulting 
stack represents an artificial material assembled in a chosen sequence—as 
in building with Lego—with blocks defined with one-atomic-plane pre- 
cision (Fig. 1). Strong covalent bonds provide in-plane stability of 2D 
crystals, whereas relatively weak, van-der-Waals-like forces are sufficient 
to keep the stack together. The possibility of making multilayer van 
der Waals heterostructures has been demonstrated experimentally only 


Figure 1 | Building van der Waals 
heterostructures. If one considers 
2D crystals to be analogous to Lego 
blocks (right panel), the construction 
of a huge variety of layered structures 
becomes possible. Conceptually, this 
atomic-scale Lego resembles 
molecular beam epitaxy but employs 
different ‘construction’ rules and a 
distinct set of materials. 
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recently'*"'. Most importantly, it turned out that in practice this atomic- 
scale Lego works exceptionally well, better than one could have imagined. 
How it works and why van der Waals heterostructures deserve attention 
is discussed in this Perspective. 


Dreamscape 


For any research subject, it is helpful to have a big idea, even if it is 
unlikely to be realized in its original form. In the case of graphene, its 
biggest ambition has been to grow into the new silicon, offering a lifeline 
for Moore’s law’. At the time of writing, the dreams of other 2D crystals 
are relatively more modest. They are often about offering alternative 
solutions to compensate for graphene’s weaknesses’ '’. In contrast, van 
der Waals heterostructures do not lack ambition. 

Imagine the following structure. Graphene is put on top ofa dielectric 
crystal a few layers thick (for example, mica), and the sequence is 
repeated again and again. The resulting van der Waals crystal is super- 
ficially similar to superconducting copper oxides, with graphene playing 
the part of conductive CuO planes and the 2D high-x dielectrics pro- 
viding interplanar spacing. The critical temperature T¢ of oxide super- 
conductors depends on many materials parameters, including the CuO 
interlayer spacing””’. Careful tuning of these parameters allows Tc 
above 130K. However, the standard growth techniques offer limited 
scope for varying the parameters, and progress has stalled. What if we 
mimic layered superconductors by using atomic-scale Lego? Bismuth 
strontium calcium copper oxide superconductors (BSCCO) can be dis- 
assembled into individual atomically thin planes®. Their reassembly 
with some intelligently guessed differences seems worth a try, especially 
when the mechanism of high-T; superconductivity remains unknown. 
Moreover, graphene seems to be a natural choice of 2D component in the 
search for new layered superconductors. Indeed, intercalated graphite 
exhibits a respectable T; above 10 K (ref. 22) and can be viewed as a stack 
of heavily doped graphene planes with an increased interlayer distance. 
What if a dielectric plane of, for example, BSCCO or hBN is added 
in between the planes of intercalated graphite? Such artificial materials 
engineered with one-atomic-plane accuracy would have been science 
fiction a few years ago but are within the grasp of today’s technology. 

We have used the above example for its straightforward appeal and 
because high-T superconductivity in doped graphene has been widely 
proposed (see refs 23-26). Yet van der Waals heterostructures bring to 
mind not one but many similar speculative ideas. Another example is a 
room-temperature excitonic superfluidity suggested for two graphene 
layers separated by an ultrathin dielectric””’*. On the scale of such dra- 
matic perspectives, it may sound fairly modest that van der Waals het- 
erostructures also offer a helping hand in graphene’s efforts to go 
beyond silicon'’*. Of course, one can think of many arguments why 
these or similar ideas can fail. In blue-sky research, even the most plaus- 
ible scenarios often do. However, big dreams are essential to keep us 
trying and to serve as Ariadne’s thread when exploring new topics. 
Having said that, it is equally important not to get lost on the way by 
checking grand ideas against contemporary reality. 


Layered reality check 


Before explaining how to make van der Waals heterostructures, it is 
instructive to review the existing library of 2D crystals, those individual 
components that can be used in the assembly. In principle, there exist 
hundreds of layered materials that cleave easily, and one can naturally 
think of using, for example, the same Scotch-tape cleaving technique to 
isolate their atomic planes®. Unfortunately, this is not straightforward. 
One must remember that (1) melting temperature decreases with decreas- 
ing the thickness of thin films and (2) most materials survive our ambient 
conditions only by natural passivation of their surfaces”. Monolayers 
have two surfaces and no bulk in between, which presents the extreme 
case of surface science. On the other hand, neither of the procedures 
developed for isolating 2D crystals can currently be carried out in high 
vacuum or at low temperature, which are typical surface-science require- 
ments. And graphene monolayers are notably more reactive than even 
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graphene bilayers**’’. In short, many 2D crystals imaginable in theory are 
unlikely to survive in reality because they would corrode, decompose, 
segregate and so forth”. 

The high thermal and chemical stability of a three-dimensional (3D) 
crystal is essential before one can even contemplate the possibility of its 
2D counterpart. Graphite has both, allowing graphene to exist under 
ambient conditions. The same is valid for other stable 2D crystals in 
Fig. 2. Nonetheless, the surface of MoS, starts oxidizing in moist air 
below 100 °C (ref. 32). Even graphene would not survive if our rooms 
were twice as hot, at 600 K (ref. 30). Take, for example, GaSe, TaS, or 
Bi,Se3. These materials are stable in bulk but, once cleaved down to a few 
layers, corrode. An illuminating case is silicene****. This 2D silicon can 
be grown epitaxially and investigated in high vacuum. However, it is not 
expected to survive isolation from its parent substrate or exposure to air. 
With contemporary technologies, the silicene transistors envisaged in 
the literature cannot be made. These examples are given to say that, 
because of the poor stability of atomically thin films compared to their 
3D counterparts, the library of 2D crystals should be relatively limited. 

Another important consideration is interfacial contamination. Adsorb- 
ates such as water, hydrocarbons and so on cover every surface, unless it is 
prepared under extreme surface-science conditions. Graphene is densely 
covered with hydrocarbons, even after annealing in the high vacuum of a 
transmission electron microscope. It takes considerable effort to find clean 
patches several nanometres in size'®. (Note that this contamination is 
highly mobile and usually remains unnoticeable for scanning probe 
microscopy.) If isolated 2D crystals are stacked together, the surface con- 
tamination becomes trapped in between layers. Therefore, van der Waals 
heterostructures should generally be expected to become ‘layer cakes’ 
glued by contamination rather than the neat crystals imagined in Fig. 1. 
This scenario would remove much of the appeal from van der Waals 
heterostructures because it is difficult to control the manufacture and 
reproducibility of ‘layer cakes’. Fortunately, it turns out that contamina- 
tion can clean itself off the interfaces'®'?*°, as further discussed below. 


Two-dimensional family values 


At the time of writing, we can be certain of the existence of more than a 
dozen different 2D crystals under ambient conditions. First of all, these 
are monolayers of graphite, hBN and MoS,, which have been studied 
extensively. It is probably not coincidental that these materials are 
widely used as solid lubricants, which requires high thermal and chem- 
ical stability. There are also 2D tungsten disulphide (WS), tungsten 
diselenide (WSez) and molybdenum diselenide (MoSe), which are 
chemically, structurally and electronically similar to MoS). Despite little 
research having been done so far on the latter monolayers, it is safe to 
add them to the 2D library, too (Fig. 2). 

Among the above 2D crystals, graphene is an unequivocal champion, 
exhibiting the highest mechanical strength and crystal and electronic qua- 
lity. It is likely to be the most common component in future van der Waals 
heterostructures and devices. Latest developments on graphene include 
micrometre-scale ballistic transport at room temperature (refs 3, 36) and 
low-temperature carrier mobilities of + 10°cm* V's | in suspended 
devices*’. The runner-up is 2D hBN, or ‘white graphene’. Its rise started 
when bulk hBN crystals*’** were shown to be an exceptional substrate for 
graphene, allowing a tenfold increase in its electronic quality’. This advance 
attracted immediate attention and, shortly after, few-layer crystals and 
monolayers of hBN were used as gate dielectrics'*’’ and tunnel barriers 
(2D hBN can sustain biases up to about 0.8 Vnm' and be free from 
pinholes)*™*’. 

Monolayers of MoS, were studied earlier’, including the demon- 
stration of the electric field effect, but they received little attention until 
devices with switching on/off ratios of >10° and room-temperature 
4~100cm?V's* were reported’. Although these mobilities are 
much lower than in graphene, they are still remarkably high compared 
with thin-film semiconductors. The large on/off ratios are due to a size- 
able bandgap in MoS). It is direct in a monolayer (about 1.8 eV), whereas 
bilayer and few-layer MoS, are indirect bandgap semiconductors. 
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Graphene hBN p 
family ‘white graphene’ Fluorographene Graphene oxide 
| =4| 


2D 


chalcogenides MoS,, WS,, MoSe,, WSe, 


Metallic dichalcogenides: 
NbSe,, NbS,, TaS,, TiS,, NiSe, and so on 


| Layered semiconductors: 


GaSe, Gate, InSe, Bi,Se, and so on 


TiO,, MnO,, V,O., 


2 
TaO,, RuO, and so on 


Micas, 
BSCCO 
2D oxides | 


Figure 2 | Current 2D library. Monolayers proved to be stable under ambient 
conditions (room temperature in air) are shaded blue; those probably stable in 
air are shaded green; and those unstable in air but that may be stable in inert 
atmosphere are shaded pink. Grey shading indicates 3D compounds that have 
been successfully exfoliated down to monolayers, as is clear from atomic force 
microscopy, for example, but for which there is little further information. The 


Semiconductors with a direct gap are of special interest for use in optics 
and optoelectronics. Further interest in monolayer MoS, is due to the 
broken centrosymmetry that allows efficient spin and valley polarization 
by optical pumping**"*. This research is stimulated by the availability of 
large molybdenite crystals from several mining sources. The absence of 
such supply is probably the reason why 2D WS), WSe, and MoSe; attract 
relatively little attention despite the fact that Raman and transport studies 
have revealed their electronic structures and quality to be similar to that 
of MoS, (refs 47-49). The differences between these dichalcogenides 
worth noting are the stronger spin-orbit coupling in the W compounds 
and the lower stability of the Se compounds. 

There have been reports on exfoliation of many other layered chal- 
cogenides down to a monolayer (Fig. 2). However, we have chosen only 
to ‘pencil’ them into the 2D library because little is known about their 
stability, let alone their optical and transport properties. In some cases, it 
is even unclear whether the observed flakes and suspensions are indeed 
2D counterparts of the parent crystals or present different chemical 
entities after exposure to air or liquids. In our experience, monolayers 
of metallic dichalcogenides are unstable in air (T. Georgiou, R. R. Nair, 
A. Mishchenko, K. S. Novoselov & A.K.G., manuscript in preparation). 

Another group of 2D crystals are numerous oxides including mono- 
layers of TiO2, MoO3, WOs, mica and perovskite-like crystals such as 
BSCCO and Sr,Nb3Q0;9 (for reviews, see refs 7-11). As oxides, these 
crystals are less susceptible to air but they tend to lose oxygen and 
may react with minority chemicals (for example, water and hydrogen). 
Similarly to other atomically thin crystals, properties of 2D oxides are 
expected to differ from those of their parents owing to quantum con- 
finement. Indeed, monolayer oxides often have lower dielectric con- 
stants and larger bandgaps than their 3D counterparts* and can 
exhibit charge density waves®. Unfortunately, information about oxide 
monolayers is limited mostly to their observation with atomic force and 
electron microscopes. The heavy artillery of physics and nanotechnol- 
ogy such as the electric field effect, Raman and optical spectroscopy, 
tunnelling, and so on have not yet been applied to isolated 2D oxides. 
We should also mention 2D hydroxides that can be exfoliated down to a 
monolayer but even less is known about them’. 

Finally, there are several graphene derivatives (Fig. 2). One of them is 
fluorographene, a stable stoichiometric wide-gap insulator, which can be 
obtained by fluorination of graphene”. Unfortunately, only crystals with 
poor electronic quality have been reported so far. Graphane (fully hydro- 
genated graphene) gradually loses its hydrogen*’ and is unlikely to be 
useful for making heterostructures. Nonetheless, we note that hydroge- 
nated or other derivatives can sometimes be more stable than 2D crystals 
themselves*'. Finally, let us mention graphene oxide*’ and monolayers of 
boron carbon nitride*’**, which although non-stoichiometric, can also be 
considered for designing van der Waals heterostructures. 


Hydroxides: 
Ni(OH),, Eu(OH), and so on 


data given are summarized from refs 6-11, 42 and 55. We note that, after 
intercalation and exfoliation, the oxides and hydroxides may exhibit 
stoichiometry different from their 3D parents (for example, TiO; exfoliates into 
a stoichiometric monolayer of Tig.g70.; ref. 8). ‘Others’ indicates that many 
other 2D crystals—including borides, carbides, nitrides and so on—have 
probably been’!! or can be isolated. BCN, boron carbon nitride. 


Perovskite-type: 
LaNb,O,, (Ca,Sr),Nb,0,9; 
Bi,Ti,0,5, Ca,Ta,TiO,, and so on 


Rules of survival 


As interest in graphene-like crystals rapidly grows’ "', the search for new 
2D candidates is expected to intensify, too. In this regard, the following 
rule of thumb can be helpful. First, 3D materials with melting temper- 
ature over 1,000 °C have the best chances of having 2D counterparts 
stable at room temperature. Second, 3D parents must be chemically 
inert and exhibit no decomposed surface layer in air or an alternative 
environment where exfoliation takes place. Third, insulating and semi- 
conducting 2D crystals are more likely to be stable than metallic ones, 
owing to the generally higher reactivity of metals. In all cases, visual 
evaluation and Raman spectroscopy are helpful to provide a rapid test 
for the absence of corrosion and the presence of essential signatures 
indicating a similarity to the parent crystal. However, the ultimate proof 
lies with electrical measurements of either in-plane transport for con- 
ducting 2D crystals or out-of-plane tunnelling through insulating ones 
to check for their homogeneity and the absence of pinholes. 

Asa further step towards expanding the 2D library, one can perform 
isolation and encapsulation in an inert atmosphere. Many metallic 2D 
dichalcogenides may then remain stable at room temperature, as their 
stability in solvents seems to indicate***. This approach can also lead to 
higher electronic quality for present favourites such as graphene and 2D 
MoS). Exfoliation-encapsulation at low temperature (such as in liquid 
nitrogen) is in principle possible but for the moment too difficult to 
contemplate for practical use. Lastly, monolayers may exist without a 
layered 3D parent (examples are silicene and monolayers of Y,O3 and 
ZnO)°*”**. If the monolayers are sufficiently stable, the substrate can be 
etched away, as demonstrated for graphene grown on metal foils*"*’. 
This can provide access to 2D crystals without 3D layered analogues in 
nature. 


7-11 


Lego on atomic scale 
It is no longer adventurous to imagine the automated, roll-to-roll assem- 
bly*’ of van der Waals heterostructures using sheets of epitaxially grown 
2D crystals**. However, concerted efforts towards such assembly are 
expected only when a particular heterostructure proves to be worthy of 
attention, as happened in the case of graphene on hBN™. For scouting 
which area to focus on, manual assembly is likely to remain the favourite 
approach. It offers high throughput and relatively easy changes in layer 
sequences. Likewise, individual 2D compounds will continue to be 
obtained by the Scotch-tape technique, which has so far provided crys- 
tallites of unmatched quality. Nevertheless, we expect the increasingly 
frequent use of epitaxially grown graphene, 2D hBN, 2D MoS,, and so 
on for making proof-of-concept van der Waals heterostructures. 

At the time of writing, only a few groups have reported van der Waals 
heterostructures made from more than two atomically thin crystals, and 
only graphene and few-layer hBN, MoS and WS, were used for this 
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assembly'*'?°>°°. A typical stacking procedure starts by isolating micro- 
metre-sized 2D crystals on top of a thin transparent film (for example, 
polymer). The resulting 2D crystal provides one brick for the Lego wall 
in Fig. 1 and can now be put face down onto a chosen target. The 
supporting film is then removed or dissolved. More 2D crystals are 
produced, and the transfer is repeated again and again, until a desired 
stack is assembled. Conceptually, this is simple and requires only basic 
facilities such as a good optical microscope. In practice, the fabrication 
technique takes months to master. In addition to the standard clean- 
room procedures (cleaning, dissolving, resist spinning and so on), it is 
necessary to position different 2D crystals over each other with micro- 
metre accuracy. This is done under the microscope by using microma- 
nipulators. The crystals must be put in soft contact without rubbing and, 
ideally no liquid or polymer should be allowed in contact with cleaved 
surfaces to minimize contamination. Thermal annealing in an inert 
atmosphere can often be helpful after adding each new layer. For trans- 
port measurements, 2D crystals are plasma etched into, for example, 
Hall bars with contacts evaporated as the final step. 

Despite the dozens of steps involved, sophisticated multilayer struc- 
tures can now be produced within a matter of days. Figure 3 shows two 
such examples. One is a van der Waals superlattice made from six alter- 
nating bilayers of graphene and hBN. This is the largest number of 2D 
crystals in a van der Waals heterostructure reported so far'®. The most 
challenging design has probably been double-layer graphene devices'* 
such as those shown in Fig. 3b, c. We emphasize that interfaces in these 
heterostructures are found to be clean and atomically sharp’*”’, without 
the contaminating ‘goo’ that always covers 2D crystals even in high 


Au/Pd contact layer 


AHBN'substrate 


Figure 3 | State-of-the-art van der Waals structures and devices. 

a, Graphene-hBN superlattice consisting of six stacked bilayers. On the right its 
cross-section and intensity profile as seen by scanning transmission electron 
microscopy are shown; on the left is a schematic view of the layer sequence. The 
topmost hBN bilayer is not visible, being merged with the metallic contact. 
Scale bar, 2 nm. (Adapted from ref. 16.) b, c, Double-layer graphene 
heterostructures'*. An optical image of a working device (b) and its schematics 
in matching colours (c). Two graphene Hall bars are accurately aligned, 
separated by a trilayer hBN crystal and encapsulated between relatively thick 
hBN crystals (hBN is shown in c as semitransparent slabs). The entire 
heterostructure is placed on top of an oxidized Si wafer (SiO, is in turquoise). 
The colours in b indicate the top (blue) and bottom (orange) Hall bars and their 
overlapping region (violet). The graphene areas are invisible in the final device 
image because of the top Au gate outlined by dashes. The scale is given by the 
width of the Hall bars, 1.5 um. 
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vacuum (see the ‘Layered reality check’ section). The reason for the clean 
interfaces is the van der Waals forces that attract adjacent crystals and 
effectively squeeze out trapped contaminants or force them into micro- 
metre-sized ‘bubbles’’®. This allows 10-pm-scale devices that are effec- 
tively free from contamination. We also note that atomically sharp 
interfaces are in practice impossible to achieve by other techniques, 
including molecular beam epitaxy, because of island growth. 


Little evolutionary steps 


Although the availability of various isolated 2D crystals had been recog- 
nized’®, practical steps towards their van der Waals assembly were taken 
only after 2010. An important stimulus was the demonstration that hBN 
could serve as a high-quality substrate for graphene’ (many other sub- 
strates, including pyrolytic hBN, were unsuccessfully tried before***’). 
This led to rapid development of transfer procedures. The next logical 
step was encapsulation, where thin hBN crystals served not only as the 
substrate but also as a protective cover for graphene’. Encapsulation has 
proved its worth by enabling devices with consistently high quality that 
do not deteriorate under ambient conditions. The most commonly 
achieved mobility for graphene on hBN is ~ 100,000cm?V 's ! 
but up to 500,000 cm” V's”! can be reached at low temperature. Such 
high quality (as indicated by high mobility) can be witnessed directly as 
negative bend resistance and magnetic focusing*”*® (Fig. 4a). These bal- 
listic effects persist up to room temperature. The encapsulation also 
results in high spatial uniformity so that capacitors over 100 jum? in size 
exhibit quantum oscillations in magnetic fields B as low as 0.2 T (ref. 68). 

The next evolutionary step has been ‘vertical’ devices in which few- 
layer-thick crystals of hBN, MoS, or WS) are used as tunnel barriers 
with graphene serving as one or both electrodes’*’. These devices 
require three to four transfers, but no plasma etching, to define their 
geometry. Although sensitive to charge inhomogeneity, vertical devices 
usually do not pose critical demands on p. The tunnelling heterostruc- 
tures allow the demonstration of a new kind of electronic device: field- 
effect tunnelling transistors’*. In these, the tunnel current is controlled 
by changes in the electrode’s Fermi energy, which can be varied by gate 
voltage by as much as about 0.5 eV owing to the low density of states in 
monolayer graphene. An increase in the Fermi energy effectively lowers 
the tunnel barrier, even if no bias is applied'*. This is in contrast to the 
standard Fowler-Nordheim mechanism, which is based on tilting the top 
of the tunnel barrier by applied bias. The van der Waals tunnelling devices 
exhibit an on/off switching ratio of over 10° at room temperature'*!?. 

A higher level of complexity is presented by the graphene-hBN super- 
lattice shown in Fig. 3a. It proves the concept that thin films of new 3D 
materials consisting of dozens of atomic layers are in principle possible 
by reassembly, as discussed in the ‘Dreamscape’ section. In the case of 
Fig. 3a, hBN bilayers serve as spacers whereas bilayer graphene (rather 
than its monolayer) was chosen to facilitate intercalation to reach a high 
density of states. Further efforts in making and investigating such multi- 
layer structures are expected, given the interest generated by a large 
amount of literature on possible collective phenomena in graphene- 
based systems*7*”""?, 

The double-layer devices in Fig. 3 represent the state of the art for van 
der Waals heterostructures. They were designed to probe in-plane trans- 
port in the regime of the strongest possible electron-electron interaction 
between electrically isolated 2D systems'*”*. The separation of the gra- 
phene layers can be as small as three hBN layers (about 1 nm)'* but this 
still provides a sufficiently high potential barrier to suppress electron 
tunnelling. The layers continue to ‘feel’ each other strongly through 
Coulomb interactions. The 1-nm separation is much smaller than the 
in-plane distance between charge carriers in graphene, which is typically 
around 10nm and nominally diverges near the neutrality point. This 
makes the interlayer separation the smallest spatial parameter in the 
problem. Therefore, the two electronic liquids in double-layer graphene 
effectively nest within the same plane, but can still be tuned and mea- 
sured separately. 
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Figure 4 | Early harvest in van der Waals fields. 
a, Magnetic focusing in graphene on hBN. 
Pronounced resonances are observed if the size of a 
cyclotron orbit becomes commensurate with the 
distance between narrow graphene leads used as an 
injector and a detector (adapted from ref. 36). 
Bright colours show maxima in conductivity as a 
function of carrier density (positive and negative 
densities correspond to electrons and holes, 
respectively) and B. The upper panel illustrates the 
corresponding trajectories. b, Quantum 
capacitance of encapsulated graphene as a function 
of gate voltage and B. In this device, spin and valley 
degeneracies are lifted above 10 T. (Adapted from 
ref. 68.) c, d, Importance of crystallographic 
alignment. The standard Dirac-like spectrum is 
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strongly reconstructed for graphene on hBN, and 
new Dirac cones appear in both valence and 
conduction bands (inset in c). This leads to 
pronounced peaks in resistivity (c) and the Hall 
effect changes sign (d). The inset in d shows the 
moiré patterns that lead to the spectral 
reconstruction. (Adapted from ref. 76.) 
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The ambition behind the double-layer heterostructures is to address 
many possible collective states, including Wigner crystallization, exci- 
tonic superfluidity, itinerant magnetism and so on. Such many-body 
phenomena have so far been the domain of low-temperature physics. In 
particular, Bose condensation of interlayer excitons has been reported at 
sub-Kelvin temperatures in double-layer semiconductor heterostructures, 
and Coulomb drag has been used as a way of detecting the condensate’*”». 
The hope was that double-layer graphene would allow a similar super- 
fluid state but at much higher temperature’”’* because the Coulomb 
energy of interlayer interaction can exceed 0.1 eV. The measurements" 
revealed many interesting and some unexpected features but no sign of 
superfluidity at zero magnetic field B so far. By analogy with the semi- 
conductor heterostructures”*”*, the regime of quantizing B remains the 
most promising for the observation of coherent electronic states, but this 
has not been investigated yet. 

Another important step in the sophistication of van der Waals het- 
erostructures was to include crystallographic alignment, which can be 
done with an accuracy of less than 1° (ref. 76). Although the interaction 
between stacked 2D crystals is relatively weak (around 10 meV AT 2. ref. 77); 
electron orbitals still extend out of the plane and affect charge carriers in an 
adjacent 2D crystal. This influence results in moiré patterns that depend on 
the rotation angle between joining crystals and their lattice mismatch” *° 
(Fig. 4d). In the case of graphene on hBN, a periodic potential created by the 
hBN substrate results in additional Dirac cones at high electron and hole 
densities" (Fig. 4c). The superlattice effects are remarkably strong, such 
that the Hall effect changes its sign (Fig. 4d) and the new Dirac cones exhibit 
their own sets of Landau levels’**’. This is the best proof so far that inter- 
facial contamination can be negligible and also shows that the electronic 
spectra of van der Waals heterostructures can be tuned by using moiré 
potentials. As another example of such bandgap engineering, one can con- 
sider the alignment of monolayers that have close lattice constants (for 
example, MoS, and WSe;). The resulting van der Waals crystal is expected 
to exhibit optical and electronic properties distinct from its components”. 


0.0 15. 3.0 
Density (1012 cm-2) 


Many other types of van der Waals structure and device are expected to 
be demonstrated soon, initially using only a small number of 2D crystals. 
Among obvious objectives are various proximity effects. To this end, 2D 
crystals can be put on top of atomically flat crystals exhibiting magnetism, 
ferroelectricity, spin-orbit coupling and so on. For example, graphene 
encapsulated in WS, is likely to exhibit an induced spin-orbit interaction 
that should affect transport properties. 


Handicraft on industrial scale 


The growing interest in van der Waals heterostructures is not limited to 
new physics and materials science. There is also a massive potential for 
applications. Here we avoid early speculations because interest in van 
der Waals heterostructures is already justified if one considers them as a 
way of accelerating the development of the myriad applications offered 
by graphene itself’. The recently demonstrated new graphene-based 
device architectures'!*** provide straightforward examples. 

Any industrial application will require a scalable approach to van der 
Waals assembly. To this end, significant efforts have been reported to grow 
graphene, 2D hBN and 2D MoS, epitaxially on top of each other'**™*. 
However, it is a daunting task to find the right conditions for so-called 
van der Waals epitaxy*’ because the weak interlayer interaction generally 
favours island growth rather than that of continuous monolayers. 
Another scalable approach is layer-by-layer deposition from 2D-crystal 
suspensions by using Langmuir-Blodgett or similar techniques*”’. One 
can also mix suspensions of different 2D crystals and then make layer-by- 
layer laminates, relying on self-organizational assembly (flocculation)"’. 
Unfortunately, micrometre-sized crystallites in suspensions cannot pro- 
vide large continuous layers, and this would limit possible applications 
for such van der Waals laminates. At present, they are being considered 
for use as designer ultrathin dielectrics*, selectively permeable mem- 
branes”’ and composite materials”. 

At the time of writing, the most feasible approach to industrial-scale 
production of van der Waals heterostructures seems to involve growing 
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individual monolayers on catalytic substrates, then isolating and stacking 
these 2D sheets. This route has already been proved to be scalable*'™. Ifa 
particular heterostructure attracts sufficient interest in terms of applica- 
tions, it seems inevitable that its production can be scaled up by trying a 
variety of available approaches. 


Long live graphene 

After many years of intensive effort, graphene research should logically 
have reached a mature stage. However, the possibility of combining 
graphene with other 2D crystals has expanded this field dramatically, 
well beyond simple graphene or 2D MoS). The interest in van der Waals 
heterostructures is growing as quickly as interest in graphene did a few 
years ago. As the technology of making van der Waals heterostructures 
moves from its humble beginnings, increasingly sophisticated devices 
and materials should become available to more and more research 
groups. This is likely to cause a snowball effect because, with so many 
2D crystals, sequences and parameters to consider, the choice of possible 
van der Waals structures is limited only by our imagination. Even with 
the 2D components that have been shown to be stable, it will take time 
and effort to explore the huge parameter space. The decades of research 
on semiconductor heterostructures and devices may serve as a guide to 
judge the probable longevity of research on van der Waals materials, 
beyond simple graphene. 
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SARI1 viruses and defensive host strains 


ARISING FROM Y. Zhao et al. Nature 494, 357-360 (2013) 


The recent findings of abundant SAR11 viruses by Zhao et al.’ are 
intriguing, and add new insight into the on-going discussion of why 
SAR11 bacteria are highly successful in the pelagic ocean. On the basis 
of high SAR11 virus abundance, Zhao et al.’ claim that SAR11 bacteria 
are competition specialists. Alternatively, we show here how their 
findings could be consistent with a dominance of defensive SAR11 
strains. Considering their high abundance, understanding why SAR11 
bacteria are so successful has important implications for the study of 
the pelagic ecosystem’. There is a Reply to this Brief Communication 
Arising by Giovannoni, S., Temperton, B. & Zhao, Y. Nature 499, 
http://dx.doi.org/10.1038/nature12388 (2013). 

Zhao et al.' interpret the high number of SAR11 viruses as an 
indication that SAR11 bacteria are competition strategists, not very 
successful in viral defence. This would match earlier findings of their 
small cell size and streamlined genome, which were previously inter- 
preted as competitive traits of SAR11 (ref. 3). They explain the co- 
existence of abundant SARI11 bacteria and viruses with the ‘Red 
Queen Hypothesis’ (RQH) and state an apparent conflict with the 
‘Kill-the-Winner’ model (KtW). 

The prevailing idea that SAR11 bacteria are either competition 
strategists '’ or defence strategists* becomes less absolute once strains 
are introduced in conceptual models. Assuming that growth rate and 
viral defence of host strains are inversely related through a cost of 
resistance (COR)’, several theoretical possibilities are conceivable. In 
the ‘clustered scenario’ (Fig. 1a), strains of species are clustered along 
the growth-rate axis. This is predicted if between-species differences 
in maximum growth rates are large and species-specific CORs decrease 
with decreasing maximum growth rates. Given their high abundance, 
this scenario suggests that SAR11 bacteria are represented by the slow- 
growing, dark-shaded species (Fig. la). However, because the KtW 
with COR predicts inverse rank-abundance curves of hosts and their 
associated viruses (Fig. 1a, b), this is in conflict with high abundances of 
the recently discovered SARI] viruses. Alternatively, ifmaximum growth 
rates and CORs are comparable between species, strains from different 
species would be interspersed along the growth-rate axis’ (‘inter- 
spersed scenario’, Fig. 1b). Species are then no longer either defensive 
or competitive. This scenario is consistent with high abundances of 
SARII1 bacteria and viruses and a dominance of defensive SAR11 
strains if SAR11 is represented by the dark-shaded species (Fig. 1b). 

A key, albeit often misunderstood, prediction of the KtW is that 
viral abundances are positively correlated with differences in host 
growth rates, not with differences in abundance of co-existing hosts°. 
Hence, if SARI1 strains cover a wide range of growth rates, highly 
abundant SAR11 viruses are predicted. Most of these viruses would 
key in on the fastest growing strains, keeping these ‘winner strains’ at 
low abundance. Slow-growing strains consequently dominate. Interestingly, 
Malmstrom et al.’ found growth rates of different SAR11 bacteria 
indeed covering the entire growth-rate spectrum of other prokaryotes 
in the Sargasso Sea. Owing to these findings, the previously observed 
slow growth rates of abundant SAR11 bacteria® and the predicted high 
SARI1 virus abundance in the ‘interspersed scenario’, we favour this 
scenario. Furthermore, a dominance of defence strategists is consistent 
with perturbation experiments on viral control, and seems to hold even 
in oligotrophic environments’. A more definite answer to SAR11’s 
dominant life strategies, however, requires further investigations into 
strain-specific growth rates and specificity of the SAR11 viruses discovered. 

Zhao et al.’ state a conflict in the RQH and KtW. We rather perceive 
the two concepts as models describing different aspects of microbial 
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Figure 1 | Clustered versus interspersed distribution of bacterial strains 
along the growth-rate axis. a, ‘Clustered scenario’: strains of species are 
clustered in a narrow window along the growth-rate axis. In this case, the KtW 
predicts modest virus abundances within the species, and highest virus 
abundance for the fast-growing, white species (competition strategist). Given 
their high abundance, SAR11 bacteria are represented by the dark-shaded 
species in this scenario. b, ‘Interspersed scenario’: strains of all species are 
dispersed over the entire growth-rate axis, SAR11 bacteria being represented by 
the dark-shaded species. The KtW predicts highest total and within-species 
virus abundances in this scenario. Note the inverse rank-abundance curves of 
hosts and their associated viruses in the KtW with trade-off between host 
growth rate and viral defence. In this discussion, strain-specific one-to-one 
infections are assumed, although the model gives similar abundance 
predictions assuming a more general infection pattern with cross-infection’. 
Figure adapted from Vage et al.°. 


interactions. The RQH is based on evolutionary dynamics occurring at 
evolutionary time scales, whereas KtW focuses on steady-state situa- 
tions that may occur at ecological timescales. The two processes are not 
mutually exclusive. Rather, KtW explains diversity beyond spatial and 
temporal variability. Also, abundance fluctuations of strains may in 
fact be controlled by KtW processes”. 
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REPLYING TO S. Vage, J. E. Storesund & T. F. Thingstad Nature 499, http://dx.doi.org/10.1038/nature12387 (2013) 


In the debate about top-down versus bottom-up control, most would 
argue that both are important. The most probable scenario is that in 
the absence of high rates of transport, the equilibrium between these 
competing processes determines bacterial abundance. In their Brief 
Communication Arising, Vage and co-workers' respond to our Letter’, 
arguing the case for defense specialism. “Defence specialism’ is not 
synonymous with ‘defence’. Because of the prevalence of viruses, it is 
probable that most bacteria have acquired defences against predation. 
‘Defence specialism’ refers to success by defence, in the sense that a cell 
might allocate a large proportion of its resources to defence and thereby 
become successful. 

Vage and co-workers' make a convincing argument that the defence 
specialism hypothesis is compatible with observations we report’, if a 
range of growth rates and levels of defence specialism are allowed. 
Their argument postulates an inverse relationship between defence 
and growth rate and makes the reasonable assumption that there is a 
cost of resistance (COR). We agree that the scenario suggested by Vage 
and co-workers’ is plausible and in our paper® report a number of 
genome features that might be defensive, and are variable properties 
of SAR11 cells’. However, an earlier investigation measuring COR in 
Synechococcus showed that moderate to large CORs were not universal 
among resistant strains and that large CORs tended to be associated 
with specific viral strains*. The COR of putative viral-defence-associated 
adaptations in SAR11 remains untested. 

The central question addressed in our letter’ is whether viral defence 
explains SAR11 success, that is, are they defence specialists. Although 
defence specialism remains a viable idea, it would need to be shown 
that an organism spends a large proportion of its resources defending, 
and is unusual (at one end of a distribution) in that regard. Vage et al. 
assume that variation in °H-labelled amino-acid-uptake rates among 
SARII cells, shown in Malmstrom et al.°, is evidence for differential 
growth rates, which they equate with degrees of defence specialism 
within a community of SAR11 quasi-species. However, Malmstrom 
et al.” interpreted their data as evidence for variation in SAR11 cell 
‘activity’, which can be uncoupled from growth. Because natural SAR11 
are mixtures of ecotypes optimized to different oceanic conditions® at 
any one time, even if one assumes a universal degree of defence spe- 
cialism, the ecotype model predicts a range of SAR11 activities within a 
single water sample. Second, in such measurements, the apparent 
activities of cells will probably vary by at least a factor of two over a 
growth cycle. Therefore, we submit that although one interpretation of 
the data in Malmstrom could indeed be variability in defence special- 
ism, other sources of variation are expected. 

There is strong evidence that members of the SAR11 clade have an 
unusual metabolic strategy for resource competition’’ and metage- 
nomic, transcriptomic and proteomic data support the conclusion 
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that a significant part of the proteome is dedicated to nutrient uptake, 
both in culture and in situ’"’. Until more robust evidence of defence 
specialism in SAR11 is available, we would argue that in the face of 
demonstrated pelagiphage abundance, a more cautious interpretation 
is that its success is more likely due to superior resource competition. 

In our Letter we propose that recombination offers a positive feed- 
back mechanism that enables winners to retain their dominance, and 
cite evidence for high recombination rates in SAR11 populations. We 
propose calling this the “King of the Mountain’ (KoM) hypothesis, 
after a popular children’s game. There is no conflict between the 
mechanism of KoM and that of the Kill-the-Winner (KtW) hypo- 
thesis, or the Red Queen Hypothesis. Rather, these ideas describe 
fundamental, compatible classes of interaction that are likely to affect 
population dynamics in conjunction with resource competition and 
growth. 

This is not a trivial matter, because of the implications for geo- 
chemical cycles. Both the KtW and KoM hypotheses predict increased 
rates of immunity to viruses, but by very different mechanisms. In KtW 
the cost comes at the expense of competitiveness for resource acquisi- 
tion, whereas KoM is a positive feedback loop that rewards superior 
resource competition, increasing contributions to geochemical cycles. 

As the Brief Communication Arising largely relates to the physi- 
ology of SAR11, we have limited the authorship of this Reply to the 
current authors with whom the greatest expertise in this field resides. 
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Structure of the human glucagon class B 
G-protein-coupled receptor 
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Binding of the glucagon peptide to the glucagon receptor (GCGR) triggers the release of glucose from the liver during fasting; 
thus GCGR plays an important role in glucose homeostasis. Here we report the crystal structure of the seven transmembrane 
helical domain of human GCGR at 3.4 A resolution, complemented by extensive site-specific mutagenesis, and a hybrid 
model of glucagon bound to GCGR to understand the molecular recognition of the receptor for its native ligand. Beyond the 
shared seven transmembrane fold, the GCGR transmembrane domain deviates from class A G-protein-coupled receptors 
witha large ligand-binding pocket and the first transmembrane helix having a ‘stalk’ region that extends three alpha- helical 
turns above the plane of the membrane. The stalk positions the extracellular domain (~12 kilodaltons) relative to the 
membrane to form the glucagon-binding site that captures the peptide and facilitates the insertion of glucagon’s amino 


terminus into the seven transmembrane domain. 


The glucagon receptor (GCGR) is one of the 15 members of the secretin- 
like (class B) family of G-protein-coupled receptors (GPCRs)! in humans. 
GCGR is activated by the 29 amino acid hormonal peptide glucagon 
(Supplementary Fig. 1a), and is a potential drug target for type 2 diabetes’. 
During fasting, the pancreas dispatches glucagon to activate GCGR in 
the liver causing the release of glucose into the blood’. Despite less than 
15% protein sequence homology between class A (rhodopsin-like) and 
class B GPCRs, many of these receptors presumably share a seven 
transmembrane (7TM) helical domain and similar signal transduction 
mechanisms’. Although the structure-function understanding of the 
class A family of GPCRs has been greatly advanced during the last few 
years’, a detailed understanding of class B GPCRs has lagged due to the 
lack of a 7TM domain structure for these receptors. 

Secretin-like GPCRs contain a globular N-terminal extracellular 
domain (ECD) defined by three conserved disulphide bonds*° and a 
7TM domain. They are activated by hormonal peptides that bind to 
both the ECD and the 7TM domain‘. Structural details of soluble ECDs, 
including the ECD of GCGR’, and their role in the selective recognition 
of peptide hormones’ carboxy termini have been revealed for several 
class B receptors*’*. Although models of class B7TM domains and ligand 
binding have been proposed based on site-directed mutagenesis’, 
photo-crosslinking'*""*, and structure-based virtual screening studies", 
the accuracy of such modelling has been hampered by the low sequence 
homology between class A and class B GPCRs. 


Crystal structure of GCGR 7TM domain 

The 7TM domain of human GCGR was fused to the thermally stabi- 
lized E. coli apocytochrome bs62RIL (ref. 16) (referred to as BRIL) at 
residue 123, and the C terminus of GCGR was truncated at residue 
432 (Supplementary Fig. 2). This crystallized GCGR construct with 
BRIL containing a truncated ECD (AECD) and C terminus (AC) 
(BRIL-GCGR(AECD/AC), Supplementary Fig. 3) has the same bind- 
ing affinity for the antagonist ligand NNC0640 (Supplementary Fig. 1b) 
as the full-length wild-type GCGR (Supplementary Table 1), indicating 


that the conformation of the 7TM domain of BRIL-GCGR(AECD/ 
AC) is similar to wild-type GCGR. The structure of the BRIL- 
GCGR(AECD/AC) was determined at 3.4A resolution (Methods 
and Supplementary Table 2). Although GCGR was crystallized in 
the presence of NNC0640, convincing electron density for NNC0640 
was not observed. As expected, GCGR adopts a 7TM fold (Fig. 1), with 
the BRIL fusion protein folded on top of the receptor and mediating 
most of the crystal contacts (Supplementary Fig. 4). 

Despite the lack of protein sequence conservation, comparison of 
the GCGR 7TM structure with 15 known class A GPCR structures 
solved in inactive form shows that orientations and positions of helices 
in the 7TM bundles are conserved between the two classes (Fig. 1b, 
Supplementary Fig. 5). The 7TM helices of GCGR superimpose with 
those of the class A receptors with root mean squared deviation (r.m.s.d.) 
of C,, backbone atoms in the 2.7-3.3 A range, above the 2.2-3.0 A range 
observed between major branches («, 8, y and 5) of class A GPCRs. The 
structural alignment of GCGR with rhodopsin shows an approximate 
spatial correspondence between residues in the 7TM helices of the two 
GPCR classes, but also reveals a number of gaps in transmembrane 
regions reflecting substantial structural deviations in transmembrane 
helices (Supplementary Fig. 6). The spatial correspondence between 
7TM residues makes it possible to project the widely used class A 
Ballesteros-Weinstein numbering scheme’ (used hereafter for class 
A as BW number in parentheses) for comparisons between GPCR 
classes (Supplementary Table 3). Analysis of sequence and structural 
features within class B GPCRs, however, is defined by the Wootten 
numbering scheme based on class B residue conservation’* (used here- 
after for class B receptors as superscript, Supplementary Table 3). 


Class B versus A GPCRs 

The GCGR structure reveals a number of features in the 7TM domain 
that are distinct from known class A GPCRs. The N-terminal end of 
helix I in GCGR is longer than any known class A GPCR structures 
and extends three additional helical turns (approximately 16 A) above 
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Figure 1 | Structure of the 7TM domain of human GCGR and comparison 
to class A GPCR structures. a, Cartoon depiction of the 7TM domain 
structure of GCGR. The two views are rotated 180° relative to each other. The 
disulphide bond between helix III and extracellular loop 2 (ECL2) is shown as 
yellow sticks. b, Side view of structural superimposition of 7TM domains of 


the extracellular (EC) membrane boundary from Lys 136 to Gly 125 
(Fig. 1). This region of GCGR, referred to as the stalk, may be involved 
in glucagon binding and helps to define the orientation of the ECD 
with respect to the 7TM domain. Extracellular loop 1 (ECL1) of GCGR 
is 16 residues long, as compared with 4-6 residues in most class A 
GPCRs. Although the ECL1 residues 201-215 are not resolved in the 
crystal structure, mutagenesis studies presented here and elsewhere’? 
indicate that these residues are involved in interactions with peptide 
ligands. The distance between the EC tips of 7TM helices II and VI 
is the largest among GPCR structures, and the distance between the EC 
tips of helices III and VII is among the largest, except for kappa (k-OR) 
and mu (ul-OR) opioid receptors” (Supplementary Fig. 5). The posi- 
tioning of the EC tips of these 7TM helices creates a wider and deeper 
cavity in the ligand-binding pocket of GCGR, which is larger than in 
any class A receptor structures (Fig. 2, Supplementary Table 4). 

At the intracellular (IC) side, the distances between the helical tips 
of GCGR are within the same range as those in class A structures, 
except for an extensive inward shift of the IC tip of helix VII (Sup- 
plementary Fig. 5). Although the inward shift in the IC part of helix 


GCGR 


GCGR (blue) and class A GPCRs (grey). Structures of class A GPCRs used 
(PDB): 1U19, 2RH1, 2YCW, 3RZE, 3PBL, 3UON, 4DAJ, 3EML, 3V2W, 
30DU, 4DJH, 4EA3, 4DKL, 4EJ4 and 3VW7. Extracellular (EC) and 
intracellular (IC) membrane boundaries (predicted by OMP server“*) are 
shown as brown and cyan ovals (a) or dotted lines (b), respectively. 


VII is a hallmark of class A receptor activation’, it is not yet clear what 
role the IC region of helix VII plays in GCGR. The receptor lacks a 
proline kink in helix VII, which is a part of the conserved NP (BW 
7.50) xxY motif in class A GPCRs”; instead, helix VII of GCGR has a 
glycine residue (Gly 393”°°) that allows for a helical bend in this region. 
This glycine in helix VII of GCGR is part of the FQG”°°xxVxxxY’°’CF 
motif that is fully conserved in secretin-like class B receptors (Fig. 3a). 
This Gly 393”*° induced bend is stabilized by hydrophobic interac- 
tions with Phe 1847” of helix II in GCGR (Fig. 3a). 

The GCGR structure also includes an IC helix VIII comprising 20 
residues at the C-terminal end of the receptor that tilts approximately 
25° away from the membrane as compared with its consensus position 
in class A (Fig. 1). This tilt is probably a result of crystal packing inter- 
actions (Supplementary Fig. 4), but it should be noted that Glu 406 in 
helix VIII is fully conserved in secretin-like class B receptors, and forms 
two interhelical salt bridges with conserved residues Arg 173*° and 
Arg 346°°” (Fig, 3b). Though the tilt of helix VIII may alter interactions 
in the region, conformational modelling with helix VIII parallel to the 
membrane suggests that the Glu 406 salt bridges are preserved in this 


«x-OR 


Figure 2 | Comparison of the ligand-binding pocket of GCGR with class A 
GPCRs. The binding cavity of GCGR is compared with the binding cavities 
of human chemokine receptor CKCR4 (PDB: 3O0DU), human k-opioid 
receptor (k-OR) (PDB: 4DJH), rat neurotensin receptor (NTSR1) (PDB: 


Rho 


4GRV), human f,-adrenergic receptor (BAR) (PDB: 2RH1) and bovine 
rhodopsin (Rho) (PDB: 1U19) (Supplementary Table 4). The approximate 
position of the EC membrane boundary is shown as a red line and bound 
ligands as magenta carbon atoms. 
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Figure 3 | Structural features of 
class B GPCRs. Comparison of 
GCGR and class A GPCR crystal 
structures indicates distinct and 
conserved features. a, d, e, The 
homologous GCGR residues 
involved in helix I-II, III-IV, and 
II-VI interface interactions as 
discussed for class A receptors by 
Venkatakrishnan et al.”°, and class B 
GPCR specific residues that mediate 
helix I-VII, I-VI, and II-V 
interface interactions. b, GCGR 
residues Glu 406 of helix VIII, 

Arg 173°“°, and Arg 346°°” form a 
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conformation and are likely to be a distinct feature of secretin-like class 
B receptors because there is no strong conservation among these resi- 
dues in class A. 

The GCGR 7TM structure also reveals several structural features 
that are conserved between class A and B receptors. One such feature 
is a disulphide bond between Cys 294 in ECL2 and Cys 224°? (BW 
3.25, Supplementary Fig. 6), which apparently stabilizes the receptor’s 
7TM fold (Fig. 3c). Another conserved feature of a common GPCR 
fold** involves similar regions of contacts between helices I-II, I-VII, 
III-IV and II-VI in class A and B GPCRs. The two GPCR classes, 
however, contain different patterns of conserved residues in these posi- 
tions (Fig. 3, Supplementary Fig. 6). In class B GPCRs, the helix I-II 
interaction is stabilized by conserved hydrophobic residues Leu 156'** 
and Phe 1847°’, class A GPCRs contain conserved polar residues Asn 
(BW 1.50) and Asp (BW 2.50) in this region*’. At the helix I-VI inter- 
face, Ser 152'°° forms a hydrogen bond with the backbone of Ser 3907*” 
(Fig. 3a). Mutation of homologous glucagon-like peptide-1 receptor 
(GLP1R) residues Ser 155'*° and Ser 3927” alters receptor signalling"*. 
At the GCGR helix III-IV interface (Fig. 3d), the conserved residue 
Trp 272*”° interacts with Trp 241°*°, whereas in class A structures the 
Trp residue in helix IV (BW 4.50) interacts with the residue at BW 
position 3.38 in helix III (homologous GCGR residue Ala 237°”) (refs 
24, 25). The helix II-VI interface (Fig. 3e) in secretin-like class B 
GPCRs contains conserved hydrophobic residues Tyr239°** (or 
Phe***) and Leu 358°”? (or Phe®*”) which make similar hydrophobic 
interactions as structurally aligned Ile/Val/Leu (BW 3.40) and Phe 
(BW 6.44) residues present in most class A GPCRs” (Supplementary 
Fig. 6). This interface is further stabilized in class B GPCRs by close 
contact between the conserved Tyr 239°** and Gly 359°°°. Another 
class B GPCR specific interhelical hydrogen bond is formed between 
the conserved Asn 318°” and the backbone of Leu 242°” at the helix 
III-V interface (Fig. 3e). 


Recognition between GCGR and glucagon 


To better understand GCGR~glucagon interactions, we performed a 
comprehensive mutagenesis and glucagon-binding study of GCGR at 
90 different residue positions (Fig. 4, Supplementary Table 5). A total 
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of 129 mutants were tested, and of these, 110 covering 85 different 
positions had expression levels greater than 30% of wild-type GCGR. 
Of them, 41 mutations covering 28 different positions in the GCGR 
7TM domain had more than fourfold reduction in glucagon binding 
(ICs values) relative to wild-type GCGR. The results of these GCGR 
mutation studies were mapped onto the crystal structure of the GCGR 
7TM domain (Fig. 5). Most of the residues that play an important role 
in glucagon binding face the main cavity in the 7TM core, and form a 
binding site that covers parts of ECL1, ECL2 and ECL3 and helices I, 
II, UL, V, VI and VI, and extends deep into the 7TM cavity. 

To investigate the recognition between glucagon and GCGR, we 
built a glucagon-bound GCGR structure model, based on the GCGR 
7TM domain crystal structure, the GCGR ECD structure (Protein Data 
Bank (PDB) accession: 4ERS)°, the ECD structure of the GCGR homo- 
logue GLP1R bound to the GLP1 peptide (PDB: 3IOL)*, and the N-capped 
conformation of pituitary adenylate cyclase activating polypeptide 
(PACAP; PDB: 1GEA)”* (Fig. 5a). The model further included several 
experimentally supported distance restraints between GCGR and glucagon 
based on photo-crosslinking studies between GLP1R and GLP1 (ref. 12). 

The predicted binding mode of glucagon to the ECD of GCGR 
(Fig. 5b) is in line with our results (Fig. 4, Supplementary Table 5) 
and previously reported mutation studies on GCGR°” and GLPI1R’. 
Figure 5b shows how GCGR residues Asp 63, Tyr 65 and Lys 98 func- 
tion in stabilizing the ECD as observed in the GCGR ECD crystal 
structure® and supported by mutagenesis studies®”” (Fig. 4, Sup- 
plementary Table 5). The Trp 36 side chain is an important hydro- 
phobic interaction site for the C-terminal region of glucagon, similar 
to Trp 39 in the GLP1-GLP1R-ECD crystal structure®. The stalk, 
observed in helix I of the GCGR 7TM crystal structure, links the 
ECD and 7TM domain in the model (Figs 5a, b). The «-helical con- 
formation of the stalk is supported by intrahelical interactions in the 
crystal structure (Glu 133-Lys 136) and model (Glu 127-Gln 131 and 
Glu 129-Lys 132), and is likely to be further stabilized by interactions 
with the extended ECL1 and the o-helical portion of glucagon. The 
potential function of the o-helical stalk in glucagon binding is sup- 
ported by a reduced glucagon affinity to the Ala135 Pro mutant 
(Fig. 4d, Supplementary Table 5), which probably distorts the o-helical 
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Figure 4 | Effects of mutation studies in GCGR 
snake plot. a, Mutated residues that show <4-fold 
(purple), 4-10-fold (orange), and >10-fold (red) 
changes of ICs» values for glucagon binding with 
receptor expression >30% of wild-type 
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conformation of the stalk region. The stalk may also function as part of 
the binding site for the previously proposed middle hinge region of 
glucagon**. An a-helical conformation in this region of GLP1R in 
complex with the GLP1 peptide was recently proposed based on cross- 
linking data between receptor and peptide residues’*. In the GCGR- 
glucagon model, the corresponding pairs of residues, F6-Gln 142'*° 
and Y10-Tyr 138'*° (one letter amino acid abbreviation is used to 
designate glucagon residues), are located in close proximity and point 
towards each other, supporting a similar interaction mode as proposed 
in the GLP1R-GLP1 complex” (Fig. 5b). The 12 A distance between 
L14-Trp 295"? in the GCGR-glucagon model exceeds the range of 
crosslinking distances in previous GLP1R-GLP1 models (8-9 A)”, 

though this may reflect differences between GCGR and GLPIR 
ligand-binding modes. 

There is no clear consensus on the binding site location of peptide 
ligands in the 7TM domain of class B GPCRs, which has been associated 
either with the ECL regions*”, or with a pocket in the 7TM domain'»?””. 
The GCGR-glucagon model illustrates a way to account for the 
extensive interactions of the peptide with ECLs, as well as residues 
deep in the 7TM domain (Fig. 5c, d). First, the GCGR crystal structure 
reveals that some of the binding site residues previously positioned at 
the top of 7TM helices or in ECLs*®* are in fact located deeper in the 
7TM domain. Second, an extended flexible conformation of the first five 
residues allows glucagon to reach deep into the pocket. Our model of 
glucagon incorporates a hypothetical N-capping conformation” of the 
peptide helix in residues F6-T7-Y 10, similar to the one observed in the 
receptor-bound PACAP”®, though other conformations of this region 
are possible. 

Most interactions predicted by the GCGR-glucagon binding model 
are supported by mutagenesis (Figs 4, 5c, d, Supplementary Table 5) 
and photo-crosslinking studies on GCGR®?”!”7"1?4 and other class 
B GPCRs*197?39.3536 Tn the 7TM domain, many residues predicted 
to interact with glucagon show dramatic effects on glucagon binding 
without reducing receptor expression (Fig. 4, Supplementary Table 5). 
Figure 5 shows how these mutations line the 7TM binding site in the 
GCGR-glucagon model and include residues that are located deep 


in the pocket (Tyr 149147, Val1917*, Gln 23237”, Glu362°*? and 
Leu 386’**). These results strongly support extension of the N terminus 
of glucagon deep into the GCGR pocket, a region that could be equally 
important for ligand binding as in class A GPCRs. 

In the loop region, residues Arg 201, Tyr 202, Asp 208 and Trp 215 
of GCGR either stabilize the ECL1 conformation and/or directly interact 
with glucagon (Fig. 5c, d). The GCGR-glucagon binding model further 
suggests that residues Trp 295 and Asn 298 directly interact with glu- 
cagon, as mutation of these ECL2 residues strongly affects ligand bind- 
ing. Although mutations of Asp 218 (ref. 21), Cys 224°? (refs 21, 27), 
Arg 225°*°, Lys 286***, Glu 290 and Cys 294 (Fig. 4, Supplementary 
Table 5) also affect ligand binding, these residues do not directly inter- 
act with glucagon in the model, but can play a role in stabilizing the 
loop conformation compatible with glucagon binding. For example, 
ECL2 and ECL] are stabilized by a disulphide bridge between Cys 294 
and Cys 224°”, and potential salt bridges between Lys 286*™ and Glu 290, 
and between Asp 218 and Arg 225°””, respectively. Similarly, Arg 378 
is proposed to play a role in glucagon binding indirectly by stabilizing 
the ECL3 conformation, while Trp 304° stabilizes ECL2 at the inter- 
face between helices V and VI. 

The GCGR-glucagon model presented in Fig. 5 is based on crystal- 
lographic evidence and is consistent with the results of extensive muta- 
tion binding studies (Fig. 4, Supplementary Table 5)*!?7!77?!"?"4, and 
thus provides comprehensive insight into recognition between the 
native ligand and its receptor. The hypothetical model of the complex 
can offer a useful platform for the design of biochemical and biophys- 
ical experiments detailing the complex structure, as well as the design 
of stabilized constructs that may lead to solution of the full-length 
receptor-ligand complex. 


Related class B GPCRs 


The GCGR-glucagon model can be informative for understanding 
common features that determine ligand recognition of other class B 
receptors. The GCGR mutation data (Fig. 4, Supplementary Table 5), 
and previous studies*’?*?”’*1*?* are paralleled by mutagenesis of homo- 
logous residues in other class B GPCRs. Supplementary Table 6 shows 
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Figure 5 | Model of GCGR bound to glucagon. a, b, GCGR with the ECD 
(magenta) and 7TM domain (blue) bound to glucagon (green). Residues 122- 
126 and 199-218 (brown) are not defined in the GCGR ECD (GCGR-linker) 
(PDB: 4ERS) and 7TM domain (ECL1) crystal structures, respectively. The 
GCGR ECD structure and the interactions between GCGR ECD and glucagon 
resemble those in the GCGR ECD (PDB: 4ERS)° and GLP1-GLP1R-ECD 
complex (PDB: 3IOL)* structures, respectively. c, d, The effects of mutation 


an overview of 274 previously reported mutants of GCGR°??7177718?4, 
GLP1R*'8??°°, slucose-dependent insulinotropic polypeptide receptor 
(also known as gastric inhibitory polypeptide receptor) (GIPR)*”’, 
rat secretin receptor (rSCTR)"?*°*>***9, and vasoactive intestinal pep- 
tide and pituitary adenylate cyclase-activating polypeptide receptor 1 
(VPACI1, also known as VIPR1) (refs 39-41). For example, mutations 
of other class B GPCRs in residues that align to GCGR residues 
Tyr 65°" (ref. 8), Tyr84e0? (ref. 8), Leu85® (ref. 8), Tyrl45" = 
(ref. 35), Tyr149'*” (refs 29, 35), Lys1877® (refs 9, 18, 20, 29, 30, 39), 
Ile194”* (refs 9, 18, 20, 29, 30, 39), Asp195~ (refs 11, 20, 29, 30), 
Leul98*7! (refs 11, 21), Arg225*°° (ref. 20), Gln232**” (refs 9, 29), 
Lys286*™ (ref. 36), Glu290"°'* (ref. 36), Trp295*°'* (refs 11, 36), 
Asn293°( (refs 11, 36), Phe365°” (refs 9, 11) and Leu386”* (ref. 40) 
have been shown to affect peptide ligand binding and/or potency, 
supporting the GCGR-glucagon model in Fig. 5. The GCGR-glucagon 
model demonstrates that residues which have been identified to inter- 
act with the homologous residues Q3 of glucagon, D3 of secretin, and 
D3 of vasoactive intestinal peptide are located within the same vicinity 
in the 7TM domain of GCGR (Lys 1877 and Ile 194°”) (refs 31, 32), 
rSCTR (Tyr 128147, Arg 166°, Lys 1737°” and Asp 174°) (refs 30, 35), 
and VPAC]1 (Arg 1887 and Lys 1957) (ref. 39), respectively (Sup- 
plementary Table 6). 

The distinct structural features and larger binding pocket of the 
GCGR 7TM domain provide new insights into the molecular details 
of peptide ligand binding, and a more reliable structural template for 
the design of specific and potent small molecules for the treatment of 
type 2 diabetes. Moreover, the apparent overlap of class B GPCR 
binding sites suggests that, despite possible structural differences 
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studies of individual GCGR residues on glucagon (green) binding mapped onto 
the GCGR binding surface using the colour coding presented in Fig. 4. 
Important glucagon residues are labelled black. GCGR residues proposed to be 
important in stabilizing extracellular loops are boxed. GCGR-glucagon residue 
pairs that are homologous to residue pairs identified in GLP1R-GLP1 
crosslinking studies’? are underlined. 


between class B GPCRs, the GCGR crystal structure might offer 
new opportunities to construct structural models to describe interac- 
tions between peptide ligands and other class B GPCRs. This is par- 
ticularly exciting for those receptors involved in glucose regulation, 
including GLP1R and GIPR. 


METHODS SUMMARY 


BRIL-GCGR(AECD/AC) was expressed in Spodoptera frugiperda insect cells, 
solubilized with 1/0.1% (w/v) of n-dodecyl-B-p-maltopyranoside and cholesteryl 
hemisuccinate for 2h at 4°C, and purified by immobilized metal ion affinity 
chromatography with 50-200HM of GCGR antagonist ligand NNC0640. 
Protein at 80mg ml’ was mixed with monoolein and cholesterol in a ratio of 
40%:54%:6% (w/w/w) to form lipidic cubic phase”, and crystallized in 100 mM 
MES pH6.0, 140-200 mM Na/K tartrate tetrahydrate, 9-17% (v/v) PEG 400, 
0.35-0.55% (v/v) Jeffamine M-600, pH 7.0, and 200 1M NNC0640 at 20°C. 
X-ray data were collected on the 23ID-D beamline (GM/CA CAT) at the Advanced 
Photon Source (Argonne, Illinois) using a 20-jum minibeam at wavelength of 1.0330 A 
(Supplementary Table 2). A single wavelength anomalous dispersion (SAD) data set 
was collected at 4A from a single crystal soaked with tantalum bromide (TagBrj2; 
Supplementary Fig. 7). Phase information from the SAD data set confirmed the 
molecular replacement solution obtained from an auto script that used mixed models 
of all known class A GPCR structures as search models (Supplementary Fig. 8). Native 
diffraction data were collected from 14 crystals and anisotropically truncated before 
refinement in a*, b*, and c* to 3.3, 3.4, and 3.3A, respectively. We report the final 
structure at 3.4A resolution, and data collection, processing, structure solution and 
refinement are described in the Methods. 

The model of the GCGR-glucagon complex was constructed using the struc- 
tures of the GCGR 7TM domain presented here, the GCGR ECD (PDB: 4ERS), 
the GLP1R-GLP1 complex (PDB: 3IOL), and the N-capped conformation of 
PACAP (PDB: 1GEA). 
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Binding studies were performed using transiently transfected CHO-K1 and 
HEK293T cells. Either whole cells or prepared membranes were used to measure 
binding affinity (IC59) of glucagon or NNC0640 using radiolabelled glucagon or 
NNC0640. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

BRIL-GCGR(AECD/AC) construct design and S® expression. The human 
wild-type GCGR DNA was synthesized by DNA 2.0 and codon optimized for 
expression in Spodoptera frugiperda (Sf9) insect cells. The BRIL-GCGR(AECD/ 
AC) fusion construct was made by deleting N-terminal residues 1-122, fusing the 
thermally stabilized apocytochrome bs6.RIL (M7W, H102I, R106L) (referred to 
as BRIL) from E. coli at residue 123 (ref. 16), and truncating the C terminus at 
residue 432 to create the final construct for crystallization (Supplementary Fig. 2). 
This chimaeric construct was obtained after screening 60 constructs of different 
BRIL junction and C-terminal truncation sites to generate crystals with diffrac- 
tion data of the highest quality and resolution. The construct was cloned into a 
modified pFastBacl vector (Invitrogen) containing an expression cassette with 
haemagglutinin signal sequence at the N terminus, and a PreScission protease 
site, 10X His, and Flag tag at the C terminus. The BRIL-GCGR(AECD/AC) 
fusion construct was expressed in Sf9 cells using the Bac-to-Bac baculovirus 
expression system as described previously“*. S/9 cells at a density of 2 x 10°- 
3 X 10° cells ml”! were infected with P1 or P2 virus at a multiplicity of infection 
(m.o.i.) of 7.5. Cells were harvested less than 48 h post-infection and cell pellets 
were stored at —80°C until used. 

BRIL-GCGR(AECD/AC) fusion construct purification. Sf? membranes 
were prepared with 1 wash cycle of hypotonic buffer (25 mM HEPES, pH7.5, 
10mM MgCl, 20mM KCl) in the presence of EDTA-free protease inhibitor 
cocktail tablets (Roche) and 4 wash cycles of high-salt buffer (25 mM HEPES, 
pH7.5, 1M NaCl, 10mM MgCl, 20mM KCl). Membrane pellets were homo- 
genized in storage buffer (25 mM HEPES, pH 7.5, 500 mM NaCl, 40% glycerol), 
flash frozen in liquid nitrogen and stored at —80 °C until use. 

The GCGR antagonist ligand NNC0640 (Supplementary Fig. 1b) was essential 
for purification and crystallization of the BRIL-GCGR(AECD/AC) fusion con- 
struct. Two grams of washed membranes containing the BRIL-GCGR(AECD/ 
AC) fusion construct were resuspended in 30 ml of buffer (25mM HEPES, 
pH7.0, 166 mM NaCl, 13.3 % glycerol) and incubated with 270 1M of compound 
NNC0640 for 30 min at room temperature. The receptor was solubilized with 
1/0.1% (w/v) of n-dodecyl-B-p-maltopyranoside (Anatrace) and cholesteryl 
hemisuccinate (Sigma) (DDM/CHS) for 2h at 4°C. The insoluble material was 
pelleted by ultracentrifugation in a Ti70 rotor at 504,300g for 30 min at 4 °C. The 
NaCl and DDM/CHS concentrations of the supernatant were adjusted to 
800 mM and 0.5/0.05%, respectively, by adding equal volume of talon binding 
buffer (25 mM HEPES, pH 7.0, 1.475 M NaCl, 10% glycerol). Protein was bound 
to 2 ml of talon superflow resin slurry (Clontech) overnight at 4 °C on a rotator in 
the presence of 15 mM imidazole, pH 7.5, and 100 4M NNC0640. 

The talon resin was washed with 10 X bed volume of wash buffer 1 (25 mM HEPES, 
pH7.0, 800mM NaCl, 10% glycerol, 0.04/0.008% DDM/CHS, 30 4M NNC0640, 
40 mM imidazole, pH 7.5). Detergent concentration was lowered by washing the resin 
with 20 bed volume of wash buffer 2 (25 mM HEPES, pH 7.0, 500 mM NaCl, 10% 
glycerol, 0.02/0.004% DDM/CHS, 30 14M NNC0640). The BRIL-GCGR(AECD/ 
AC) fusion construct was eluted with 2.5 ml of elution buffer (25 mM HEPES, 
pH7.0, 150 mM NaCl, 10% glycerol, 0.02/0.004% DDM/CHS, 30 uM NNC0640, 
300 mM imidazole, pH 7.5). The eluted BRIL-GCGR(AECD/AC) fusion construct 
was desalted with a PD-10 desalting column (GE Healthcare) to remove the imida- 
zole. His-tagged PreScission protease was added to the samples and incubated 
overnight at 4 °C to remove the C-terminal 10X His and Flag tags. Reverse talon 
purification was performed to isolate the cleaved BRIL-GCGR(AECD/AC) fusion 
construct by flowing the sample through 200 pl talon superflow resin twice. The 
flow-through material, containing the cleaved BRIL-GCGR(AECD/AC) fusion 
construct, was concentrated to 80 mg ml! using a Vivaspin centrifuge concen- 
trator (GE Healthcare) with a 100 kilodalton (kDa) molecular weight cut-off. 
BRIL-GCGR(AECD/AC) fusion construct lipidic cubic phase (LCP) crystal- 
lization. For LCP crystallization, the BRIL-GCGR(AECD/AC) construct was 
mixed with molten lipid at a ratio of 40/60% (v/v) using a mechanical syringe 
mixer”. Due to the high detergent concentration, 10-15% (volume of LCP) of 
5 M NaCl was added after the lipid and protein were mixed to convert a desta- 
bilized lipidic mesophase into LCP**. The host lipid for the LCP reconstitution 
was monoolein (Sigma) with 10% (w/w) of cholesterol (AvantiPolar Lipids). 
Crystallization trials were set up as previously described*’. LCP-FRAP was used 
to identify initial crystallization conditions that led to GCGR crystals“. Crystals 
were obtained at 20°C in 100mM MES, pH6.0, 140-200 mM Na/K tartrate 
tetrahydrate, 9-17% (v/v) PEG 400, 0.35-0.55% (v/v) Jeffamine M-600, pH 7.0, 
200 uM NNC0640; grown to a final size of 50-100 um in the longest dimension in 
about 5 days (Supplementary Fig. 3); and harvested from the LCP matrix using 
50 um MiTeGen micromounts and immediately flash frozen in liquid nitrogen. 
Data collection and processing. X-ray data were collected at the 23ID-D beamline 
(GM/CA CAT) at the Advanced Photon Source (Argonne, Illinois) using a 20-jum 
minibeam at a wavelength of 1.0330 A anda MarMosaic 300 charge-coupled device 


(CCD) detector. Crystals were aligned and data collected using a strategy similar to 
other GPCR structures’. Typically, 10-15 frames at 1° oscillation and 1-2 s expo- 
sure with non-attenuated beam were collected per crystal due to the fast onset of 
radiation damage. A 93.9% complete at 3.3 A data set was obtained by indexing, 
integrating, scaling and merging data sets from 14 crystals using HKL2000 (ref. 50). 
Analysis of the final data set by the UCLA diffraction anisotropy server (http:// 
services.mbi.ucla.edu/anisoscale/) indicated that diffraction along the b* axis was 
weaker than in the other two directions; therefore, reflections were subjected to a 
mild anisotropic truncation with resolution limits of 3.3, 3.4 and 3.3 A along a*, b* 
and c*, respectively, before using them in the refinement. 

Experimental phasing. Initial attempts to find a molecular replacement solution 
using previous class A GPCR structures as search models in Phaser” did not 
generate any reliable solutions. Therefore, experimental phasing for the BRIL- 
GCGR(AECD/AC) fusion construct was attempted by soaking the crystals with 
different heavy atoms. After screening many crystals, a SAD data set was obtained 
from one crystal that was soaked overnight with 100mM tantalum bromide 
(TagBrj2) cluster (Jena Bioscience). The data were collected on the 23ID-D beam- 
line (GM/CA CAT) at the Advanced Photon Source using the peak wavelength 
from the tantalum L3 edge (9.880 keV). A beam size of 10 um with 5X attenu- 
ation with 1° oscillation and 1s exposure per frame was used. A complete 360° 
data set was acquired from a single crystal by collecting wedges of 30° with direct 
and inverse beam and translating 6 times along the crystal length to expose a fresh 
portion of the crystal for each wedge. The SAD data set was integrated and scaled 
at 4A resolution using HKL2000. PHENIX.AutoSol® was used to search for the 
heavy atom sites with anomalous signals at 6 A resolution (Supplementary Fig. 7), 
yielding initial electron density maps. 

Structure determination and refinement. While the experimental phasing work 
was underway, ‘mixed model’ molecular replacement (MR) search templates were 
generated based on all known GPCR structures using PHENIX.ROSETTA™. The 
‘mixed model’ templates were then superimposed together and manually trimmed 
to remove structurally poorly conserved regions. Parallel MR searches with Phaser 
were then carried out using these GPCR models along with the high resolution 
BRIL structure (PDB: 1M6T) as search models on a linux cluster**. The search 
template based on rhodopsin (PDB: 2Z73) produced a potential solution (TFZ = 8.5). 
This MR solution was validated by the experimental phasing maps (Supplementary 
Fig. 8), and by the appearance of density not present in the search model. The 
experimental SIRAS phases calculated from the heavy atom were good up to 6-7 A. 
However, SIRAS phases did not improve the MR maps, and thus were not used in the 
final refinement. 

All refinement was performed using the MR solution with rounds of REFMAC5 
(ref. 55), autoBUSTER® (Buster v2.8.0), and PHENIX.AutoBuild”’, followed by 
manual examination and rebuilding of refined coordinates in COOT™ using both 
2|Fo| — |Fc| and |Fo| — |Fc| maps, as well as omit maps calculated using the Bhat 
procedure® (Supplementary Fig. 9). We state 3.4 A as the overall effective resolu- 
tion of this structure; however, data to 3.3 A were included in refinement, which 
improved the R/R¢ee Statistics (Supplementary Table 2). 

At 3.4A resolution, the electron densities for the majority of residues in the 
GCGR 7TM structure are visible, except for residues Arg 201-Trp 215 (corres- 
ponding to ECL1), and therefore these residues were not built into the GCGR 
7TM structure. Residues Gly 269-Met 276, Thr 296-Asp 299, Ie 315-Ile 317, and 
Phe 365-Glu 371 were built into the GCGR structure, but they contained breaks 
in the electron densities of the C,, backbone. Hence, other conformations are 
possible for these residues. 

Although we do not observe density for NNC0640 in the canonical ligand 

binding pocket, this ligand is required to obtain diffraction quality crystals of 
the BRIL-GCGR(AECD/AC) construct. There are two electron density blobs 
outside of canonical ligand-binding pocket, one at the bottom of helix VI and 
VII near Lys 349°, and the other at helix I near Trp 145!49_ However, both of 
them are too small to accommodate NNC0640. 
Energy-based conformational modelling of the GCGR-glucagon complex. 
Glucagon was docked into the crystal structure of the GCGR ECD (PDB: 4ERS, 
residues 28-123) (ref. 6) using the crystal structure of the closely related GLP1R- 
GLP1 complex (PDB: 3IOL)* as a template. All molecular modelling and docking 
was performed using ICM molecular modelling software (v. 3.7). The initial 
a-helical conformation of glucagon peptide residues 11-29 was modelled based 
on GLP1 residues 17-35, and soft tethers between corresponding backbone C, 
atoms of glucagon and GLP1 were applied. Conformation of the glucagon peptide 
and the interacting side chains in the ECD binding pocket were optimized (3 inde- 
pendent simulations of 10° steps) using ICM global optimization procedure in 
internal coordinates®*’ with improved conformational energy terms for protein 
and peptides* and ‘tether weight’ = 0.1. 

The model of the ECD-glucagon complex was then docked and optimized with 
the crystal structure of the 7TM domain, completed with all side chains and ECL1. 
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This flexible energy-based docking/optimization procedure involved all torsion 
coordinates in the regions that are not defined by crystal structures, including 
protein backbone in the residues 1 to 10 of glucagon, and GCGR residues in ECL1 
(199-218), and linker (122-126). In addition, side chain torsion variables were set 
free in all glucagon residues and the following regions of the GCGR model: helix I 
stalk region (125-136), ECL2 region (289-310), ECL3 (368-377), as well as 31 
other residues lining the 7TM binding pocket. 

The following three soft harmonic restraints derived from experimental 
crosslinking data in GLP1R and GLP1 (ref. 12) were applied between gluca- 
gon and GCGR side chains to guide docking: F6(cb)-Gln 142'*°(cd), Y10(cb)- 
Tyr 138'*°(oh), L14(cb)-Trp 295®2(ch2). Two intramolecular harmonic 
restraints were also applied to glucagon residues, T7(og1)-Y10(n) and F6(cz)- 
Y10(cz), to facilitate N-capped formation in glucagon, as suggested by previous 
comparative studies of class B peptide ligands*’. Finally, a restraint was applied 
between the positively charged N-terminal amino group of glucagon and the 
carboxyl group of Glu362°°°. The importance of the carboxyl group of 
Glu 362°°°, which is the only negatively charged residue in the 7TM binding 
pocket, is supported by GCGR (Supplementary Table 5) and GLPIR (ref. 29) 
mutation studies (Supplementary Table 6). As the N terminus is the only basic 
moiety in the first 10 residues of glucagon, a potential Glu 362°°° salt bridge with 
the glucagon N terminus is the most likely explanation for the mutation effects in 
Glu 362°”. A total of 164 torsion variables were systematically sampled with ICM 
Monte-Carlo global optimization, and 455 were locally minimized in the course 
of this procedure. The special ‘local’ sampling option was applied to the ECL1 
region backbone to allow efficient optimization. Three independent runs of the 
global optimization procedure (10’ steps each) resulted in similar best energy 
conformations within 2.5A r.m.s.d. for the glucagon peptide non-hydrogen 
atoms. 

It should be noted that in the absence of glucagon, the ECD is likely to be more 
flexible, sampling multiple orientations relative to the 7TM domain’. The model 
also does not attempt to infer a specific functional state of the receptor, partially 
because such a state is not precisely defined for the 7TM crystal structure itself. 
For instance, NNC0640 used to stabilize the 7TM receptor fragment is a com- 
petitive antagonist to glucagon, which may have an effect on the crystallized 
conformation, even though NNC0640 is absent in the final structure. The accu- 
racy of the GCGR-glucagon model may also be limited by the weak electron 
density of ECL2 and the top of helix V (residues 289-310), and the assumption 
that glucagon binds GCGR in an N-capped conformation’”’. 

Construction of GCGR mutants and cell transfection. The complementary DNA 
(cDNA) encoding the human GCGR was originally obtained from GeneCopoeia 
and cloned into the expression vector pcDNA3.1/V5-His-TOPO (Invitrogen) at 
the HindIII and EcoRI sites. The single and double mutants were constructed by 
PCR-based site directed mutagenesis. CHO-K1 cells were seeded onto 96-well 
poly-p-lysine treated cell culture plates (PerkinElmer) at a density of 2.7 x 10* 
cells per well. After overnight culture, the cells were transiently transfected with 
wild-type or mutant GCGR DNA using Lipofectamine 2000 transfection reagent 
(Invitrogen). 

Whole-cell glucagon binding assay. Cells were harvested 24 h after transfections, 
washed twice and incubated with blocking buffer (F12 supplemented with 33 mM 
HEPES, pH 7.4, and 0.1% bovine serum albumin (BSA)) for 2h at 37°C. For 
homogeneous binding, the cells were incubated in binding buffer with constant 
concentration of '”°I-glucagon (40 pM) and different concentrations of unla- 
belled glucagon (0.02nM to5uM) at room temperature for 3h. Cells were 
washed three times with ice-cold PBS and lysed by 50 ul lysis buffer (PBS sup- 
plemented with 20mM Tris-HCl, 1% Triton X-100, pH 7.4). The plates were 
subsequently counted for radioactivity (counts per minute, CPM) in a scintil- 
lation counter (MicroBeta2 Plate Counter, PerkinElmer) using a scintillation 
cocktail (OptiPhase SuperMix, PerkinElmer). Specific binding was determined 
by subtracting non-specific binding observed in the presence of 5 uM unlabelled 
glucagon. 

Expression level quantification of constructed GCGR in cells by flow cytometry. 
Approximately 1 X 10° transfected CHO-K1 cells were blocked with PBS contain- 
ing 5% BSA at room temperature for 15 min and then incubated with 1:100 diluted 
primary antibody (anti-GCGR, Epitomics) at room temperature for 1h. The cells 
were then washed three times with PBS containing 1% BSA followed by a lh 
incubation with anti-rabbit Alexa-488-conjugated secondary antibody (1:300, 
Invitrogen) at 4°C in the dark. After washes, the cells were resuspended in 
200 pl of PBS containing 1% BSA for detection in a flow cytometer (Accuri C6, 
BD Biosciences) using laser excitation and emission wavelengths of 488 and 
519 nm, respectively. For each measurement, approximately 20,000 cellular events 
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were collected and fluorescence intensity of positive expression cell population 
calculated. 

NNC0640 binding assay (cell membrane based binding). NNC0640 binding 
was analysed using plasma membranes prepared from HEK293T cells transiently 
expressing GCGR constructs. Approximately 1.2 10° transfected HEK293T 
cells were harvested, suspended in 10 ml ice-cold membrane binding buffer 
(25 mM Tris-HCl, 0.1% BSA and 1mM EDTA, pH 7.4) and centrifuged for 
5 min at 200g. The resulting pellet was resuspended in cold membrane binding 
buffer, pulled through a 25G X 1 inch needle four times and centrifuged for 5 min 
at 20,000g. The precipitate containing the plasma membranes was suspended in 
membrane binding buffer containing protease inhibitor (Sigma-Aldrich) and 
stored at —80°C. Protein concentration was determined using a protein BCA 
assay kit (Pierce Biotechnology). 

For homogeneous binding, cell membrane homogenates (20 pg protein per 
well) were incubated in membrane binding buffer with constant concentration 
of 7H-NNC0640 (50 nM, labelled by PerkinElmer) and serial dilutions of unla- 
belled NNC0640 (1.26 nM to 100 1M) at room temperature for 5h. Nonspecific 
binding was determined in the presence of 100 1M NNC0640. Following incuba- 
tion, the samples were filtered rapidly in vacuum through glass fibre filter plates 
(Millipore). After soaking and rinsing 4 times with ice-cold binding buffer, the 
filters were dried and counted for radioactivity in a scintillation counter 
(PerkinElmer). 

Western blot. Protein samples were prepared as above, separated by 10% SDS- 
PAGE and transferred to nitrocellulose membranes. After a 2 h incubation with 
blocking buffer, the membranes were incubated with 1:1,000 primary antibody 
(anti-V5, Sigma) overnight. The membranes were then washed three times with 
TBS-T buffer (0.05 M Tris, 0.15M NaCl, 0.1% (v/v) Tween) followed by a 2h 
incubation with anti-mouse horseradish peroxidase-conjugated secondary antibody 
(1:1,000, Cell Signaling Technology). The membranes were washed again and then 
detected with SuperSignal West Dura Substrate (ThermoScientific) according to the 
manufacturer’s instructions. Each membrane was exposed to X-ray film for detect- 
ing the blots. Bands were quantified with Quantity One Software (Bio-Rad). 
Statistical analysis. Results are presented as means + s.e.m. Changes in specific 
radiolabelled ligands binding and cell surface expression of GCGR constructs 
were normalized to those measured with wild-type GCGR control (100%). ICs 
values in binding assay were determined by nonlinear regression analysis using 
the Prism 5 software (GraphPad Software). 
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Ptpn11 deletion in a novel progenitor causes 
metachondromatosis by inducing hedgehog signalling 


Wentian Yang", Jianguo Wang’, Douglas C. Moore’, Haipei Liang’, Mark Dooner?, Qian Wu’, Richard Terek', Qian Chen’, 


Michael G. Ehrlich’, Peter J. Quesenberry” & Benjamin G. Neel* 


The tyrosine phosphatase SHP2, encoded by PTPN11, is required 
for the survival, proliferation and differentiation of various cell 
types'”. Germline activating mutations in PTPN11 cause Noonan 
syndrome, whereas somatic PTPN11 mutations cause childhood 
myeloproliferative disease and contribute to some solid tumours. 
Recently, heterozygous inactivating mutations in PT'PN11 were 
found in metachondromatosis, a rare inherited disorder featuring 
multiple exostoses, enchondromas, joint destruction and bony 
deformities**. The detailed pathogenesis of this disorder has remained 
unclear. Here we use a conditional knockout (floxed) Ptpn11 allele 
(Ptpn11") and Cre recombinase transgenic mice to delete Ptpn11 
specifically in monocytes, macrophages and osteoclasts (lysozyme 
M-Cre; LysMCre) or in cathepsin K (Ctsk)-expressing cells, previ- 
ously thought to be osteoclasts. LysMCre;Ptpn11™" mice had mild 
osteopetrosis. Notably, however, CtskCre;Ptpn1 1" mice developed 
features very similar to metachondromatosis. Lineage tracing revealed 
a novel population of CtskCre-expressing cells in the perichondrial 
groove of Ranvier that display markers and functional properties 
consistent with mesenchymal progenitors. Chondroid neoplasms 
arise from these cells and show decreased extracellular signal-regulated 
kinase (ERK) pathway activation, increased Indian hedgehog (Ihh) 
and parathyroid hormone-related protein (Pthrp, also known 
as Pthlh) expression and excessive proliferation. Shp2-deficient 
chondroprogenitors had decreased fibroblast growth factor-evoked 


ERK activation and enhanced [hh and Pthrp expression, whereas 
fibroblast growth factor receptor (FGFR) or mitogen-activated 
protein kinase kinase (MEK) inhibitor treatment of chondroid cells 
increased Ihh and Pthrp expression. Importantly, smoothened 
inhibitor treatment ameliorated metachondromatosis features in 
CtskCre;Ptpn11™ mice. Thus, in contrast to its pro-oncogenic role 
in haematopoietic and epithelial cells, Ptpn11 is a tumour sup- 
pressor in cartilage, acting through a FGFR/MEK/ERK-dependent 
pathway in a novel progenitor cell population to prevent excessive 
Ihh production. 

Cartilage tumours, including exostoses, enchondromas and chondro- 
sarcomas, comprise ~20% of skeletal neoplasms’. Benign and malignant 
cartilaginous tumours can arise sporadically, but cartilage tumour syn- 
dromes, including hereditary multiple exostoses, the multiple enchon- 
dromatosis disorders (Ollier disease and Maffucci syndrome) and 
metachondromatosis, also exist®’. The cellular and molecular patho- 
genesis of most cartilage tumours is incompletely understood. 

Metachondromatosis is an autosomal dominant tumour syndrome 
featuring multiple exostoses and enchondromas*”’. Recently, hetero- 
zygous early frameshift or nonsense mutations in PTPN11 were iden- 
tified in >50% of metachondromatosis cases**. PTPN11 encodes the 
non-receptor protein tyrosine phosphatase SHP2, which is required 
for RAS/ERK pathway activation in most receptor tyrosine kinase, 
cytokine receptor, and integrin signalling pathways'*. Germline activating 


Figure 1 | Ptpn11 deletion in Ctsk-expressing 
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cells causes metachondromatosis. a, Schemes for 
generating Ctsk-KO, LysM-KO and control mice. 
b, c, Gross images (b) and Faxitron/|1-CT 
radiographs (c) of 12-week-old Ctsk-KO mice 
showing dwarfism and scoliosis (b ii, white arrow; 
c ii, black arrow), increased bone mineral density 
(c ii, iv; arrows) and multiple exostoses of knees, 
ankles and metatarsals (b iv and c ii, iv, vi, viii; 
arrows) with joint destruction. d, Sagittal sections 
of metatarsal joints stained with haematoxylin and 
eosin (H&E; i-iii), Safranin O (iv—vi) and Alcian 
Blue (vii-ix) showing cartilaginous exostoses and 
enchondromas (arrows) in Ctsk-KO mice. Images 
in i, iv, vii are magnified 2, in ii, v, viii X10 and in 
ii, vi, ix X20. Images in ii, v, viii and iii, vi, ix are 
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magnified (X10) views of boxed areas in i, iv, vii 
and ii, v, viii, respectively. Data shown are 
representative images; each analysis was performed 
on at least five mice per genotype. 
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mutations in PTPN11 cause Noonan syndrome, whereas mutations that 
impair SHP2 catalytic activity cause LEOPARD syndrome (an acronym 
for multiple lentigines, ECG conduction abnormalities, occular hyperte- 
lorism, pulmonic stenosis, abnormal genitalia, retardation of growth and 
sensorineural deafness), both of which can feature skeletal abnormalities®. 
Somatic activating mutations in PTPN11 are the most common cause of 
juvenile myelomonocytic leukaemia and contribute to other leukaemias 
and some solid tumours'”. Although PTPN11 is a well-established human 
oncogene, it is unclear how heterozygous loss-of-function PTPN11 
alleles cause cartilage neoplasms. 

Global Ptpn11 deletion results in early embryonic lethality”"®, whereas 
postnatal deletion has context-dependent effects'”. To assess the role 
of Shp2 in osteoclasts, we crossed Ptpn1¥" mice"? to mice expressing 
Cre under the control of the endogenous LysM" or Ctsk’* promoter. 
The LysM promoter is active in monocytes, macrophages and osteo- 
clast precursors'’, whereas the Ctsk promoter reportedly is active only 
in mature osteoclasts!”". These crosses generated Ptpn1L”* ;LysMCre 
and Ptpn11™";LysMCre (hereafter, LysM-control and LysM-knockout 
(KO)) and Ptpn1 LY* sCtskCre and Ptpnl LP.CtskCre (hereafter, Ctsk- 
control and Ctsk-KO) mice, respectively (Fig. 1a). 

Neither LysM-control nor Ctsk-control mice had a discernible phe- 
notype, so we focused all subsequent analyses on LysM-KO and Ctsk- 
KO mice. Shp2 levels were reduced by >80% in bone-marrow-derived 
macrophages and osteoclasts in LysM-KO and Ctsk-KO mice (Sup- 
plementary Fig. 1a and data not shown). LysM-KO and Ctsk-KO mice 
were born at the expected Mendelian ratios and appeared to be normal 
for the first 3 weeks after birth. Subsequently, LysM-KO mice developed 
mild, age-related osteopetrosis (Supplementary Fig. 1b and data not 
shown). By contrast, within 8 weeks after birth, Ctsk-KO mice exhi- 
bited a dramatic skeletal phenotype, comprising decreased body length, 
increased bone mineral density, scoliosis, metaphyseal exostoses and 
markedly decreased mobility (Fig. lb-d and Supplementary Video 1). 
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Sections of hindlimb paw and knee joints from 12-week-old Ctsk- 
KO mice revealed multiple exostoses and enchondromas at the meta- 
physes of their metatarsals and phalanges (Fig. 1d), tibiae and femurs 
(Supplementary Fig. 1c, d), and other bones (data not shown), features 
reminiscent of metachondromatosis. As heterozygous PTPN11 fra- 
meshift mutations cause metachondromatosis *“, these findings indi- 
cate that PTPN11 is a cartilage tumour-suppressor gene, and suggest 
that loss (or silencing) of the remaining PTPN11 allele is required for 
tumour formation. 

To identify the cells responsible for metachondromatosis-like disease 
in Ctsk-KO mice, we first injected bone marrow from 6-week-old Ctsk- 
KO and Ctsk-control mice (C57/BL6; CD45.2) into lethally irradiated 
3-week-old recipients (B6.SJL; CD45.1). Recipient mice exhibited high 
chimaerism (Supplementary Fig. 2a, b), but did not develop cartilage 
tumours in over 12 months of observation. Consistent with the osteo- 
petrosis seen in LysM-KO mice, recipients had increased bone mineral 
density (Supplementary Fig. 2c). Clearly, however, cartilage tumours in 
Ctsk-KO mice are not due to altered osteoclast development or function. 

Next, we performed lineage-tracing studies using Rosa26-lox-stop- 
lox-lacZ (R26-LSL-lacZ) or Rosa26-LSL-YFP (R26-LSL- YFP) Cre repor- 
ter mice. Notably, CtskCre, but not LysMCre, was expressed in a subset 
of perichondrial cells within the so-called groove of Ranvier (Fig. 2a). 
Sections from knee joints collected at postnatal day (P)10 revealed 
expansion of a cluster of Alcian Blue/Safranin O-positive cells in this 
region in Ctsk-KO, mice, but not in controls (Fig. 2b, boxed region and 
Supplementary Fig. 1c). By postnatal week 2, the yellow fluorescent 
protein (YFP) * cell population had increased and differentiated into 
ectopic cartilaginous tissue in compound Ctsk-KO;YFP reporter mice 
(Fig. 2c, boxed region). Exostoses were palpable at 6 weeks and visible 
by 8-12 weeks. In compound Ctsk-KO;YFP reporter mice, these 
lesions consisted of YFP* chondroid cells at various stages of develop- 
ment, including proliferating, pre-hypertrophic and hypertrophic 


Figure 2 | Skeletal tumours in Ctsk-KO mice 
originate from perichondrial groove of Ranvier 
cells. a, 5-bromo-4-chloro-3-indolyl-B-p- 
galactoside (X-gal) staining of knee joint sections 
from 1-week-old R26-LSL-lacZ;CtskCre and R26- 
LSL-lacZ;LysMCre reporter mice showing that the 
Ctsk (but not the LysM) promoter is active not only 
in osteoclasts, but also in a subset of cells from the 
perichondrial groove of Ranvier (arrows). Images 
are magnified <4. b, Haematoxylin and eosin and 
Safranin O staining of knee joint sections from P10 


Ctsk-KO 
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showing expansion of cells within the 
perichondrial groove of Ranvier region in Ctsk-KO 
mice. Images i, ii, iv, v are magnified 4. Images in 
iii and vi are magnified (10) views of boxed areas 
in iiand v, respectively. c, Haematoxylin and eosin- 
and Safranin O (SO)-stained sections (magnified 
X2) showing expanding YFP” population within 
the perichondrial groove of Ranvier (boxed region 
in top panels, magnified < 10 below) that also 
stains with Safranin O, indicative of cartilage. 
Dashed line marks boundary between marrow/ 
growth plate and perichondrial groove. d, Frozen 
section of an exostosis from the metatarsal joint of 
Ctsk-KO;YFP mice showing co-localization of YFP 
reporter with cartilaginous tumour cells (boxed 
area). SO panel, X4 magnification; all other panels, 
X10 magnification. Note that the lesion is enriched 
in proliferating and pre-hypertrophic 
chondrocytes, as shown by overlapping Col2o1 
and Col10a1 immunostaining. Each panel is a 
representative image from one mouse; each 
analysis was performed on at least three mice per 
genotype. DAPI, 4’ ,6-diamidino-2-phenylindole. 
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chondrocytes, as revealed by cell morphology and Col2%1 and 
Coll0«1 immunostaining (Fig. 2c, d and data not shown). Notably, 
nearly all chondroid tumour cells were YFP” (Fig. 2c and Supplemen- 
tary Fig. 2d). Hence, cartilaginous tumours in Ctsk-KO mice (and, 
by analogy, most likely in metachondromatosis) result from cell- 
autonomous lack of Shp2 in Ctsk™ cells from the perichondrial groove 
of Ranvier. 

The perichondrial groove of Ranvier is believed to contain chon- 
droprogenitors responsible for circumferential cartilage growth, but 
these cells are not well-characterized'*’’. We used flow cytometry to 
analyse epiphyseal cartilage cells collected from the distal femurs and 
proximal tibiae of Ctsk-control;YFP and Ctsk-KO;YFP mice at P10- 
12. Compared with controls, the frequency of YFP” cartilage cells in 
Ctsk-KO;YFP mice was increased by ~fivefold (Fig. 3a). Within the 
YFP" cell population, the percentage of cells expressing CD44, CD90 
and CD166 (mesenchymal progenitor markers), but not CD31 (endo- 
thelial cell marker), also was increased (Fig. 3b). Staining for the stro- 
mal cell antigen Stro-1 in addition to jagged 1, markers associated with 
presumptive chondroprogenitors in the groove on the basis of BrdU 
label retention studies’®, was more intense in Ctsk-KO mice (Fig. 3c). 
Moreover, YEP* cells were capable of multi-lineage differentiation in 
vitro, as assessed by Alcian Blue, Oil Red O and Alizarin Red staining, 
respectively (Fig. 3d). These data indicate that Shp2 regulates the pro- 
liferation ofa novel cartilage cell population characterized by Ctsk expres- 
sion, which we hereafter term Ctsk* chondroid progenitors (CCPs). 

Multiple pathways control cartilage development and homeostasis’. 
IHH and PTHRP signalling are particularly important, and aberrant 
regulation of these pathways causes developmental defects and skeletal 
tumours’*"°. We examined chondrogenic gene expression in cartilage 
tumours from Ctsk-KO mice by quantitative reverse-transcription PCR 
(qRT-PCR). Consistent with our immunostaining data (Fig. 2d), Col2a1 
and Coll0al transcripts were increased. Furthermore, [hh and Pthrp 
levels were increased substantially (Fig. 4a and Supplementary Fig. 3a). 
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These findings prompted us to ask whether Shp2 regulates Ihh and 
Pthrp production, and if so, how. During development, cells within the 
perichondrium make Fgf18, which can signal to adjacent cells via Fgfr3 
to suppress Ihh expression”. As Shp2 is required for Fgfr signalling 
in other cell types’”, we suspected that Shp2 might be required for 
Fgfr3-induced suppression of Ihh expression. We therefore examined 
the status of Fgfr3 signalling components and Jhh expression in CCPs. 
Erk activation, as assayed by Tyr 204 Thr 202 phosphorylation, was 
compromised in the absence of Shp2, whereas Akt (phospo (p)-Ser 473) 
and Stat1/3 (p-Tyr 807) activation were unaffected (Fig. 4a, Supplemen- 
tary Fig. 3b and data not shown). Furthermore, consistent with our 
qRT-PCR data, Ihh messenger RNA and protein were increased in 
Shp2-deficient CCPs (Fig. 4a). Ihh antibody specificity was confirmed 
by immunostaining of growth plate cartilage (Supplementary Fig. 3c). 

CCPs are rare, rendering their detailed biochemical analysis unfea- 
sible. We therefore tested the effects of Shp2 depletion in ATDCS5 
chondroid cells by stably expressing either of two short hairpin RNAs 
(shRNAs) targeting mouse Ptpn11. As in Ctsk-KO mice (Fig. 4a), Fgf18- 
evoked Erk activation was decreased, whereas Ihh and Pthrp levels 
were increased in Shp2-deficient cells (Fig. 4b). Conversely, FGFR 
(PD173074) or MEK (UO126) inhibition led to enhanced Ihh and 
Pthrp expression in parental ATDCS cells (Fig. 4c). 

Tbh signalling evokes Pthrp production”. Our data, in addition to 
previous studies”*, suggested that increased Ihh levels might be patho- 
genic in metachondromatosis. If so, then blocking or attenuating Ihh 
signalling might slow and/or prevent the disease. To test this hypo- 
thesis, control (wild-type) and Ctsk-KO mice (9 per group) were gava- 
ged daily with the smoothened inhibitor PF-04449913 (SMOi, 100 pg 
g ‘ body weight) or vehicle control (0.5% methylcellulose), beginning 
at 5 weeks of age (when early lesions were present) and continuing for 
the succeeding 4 weeks. Skeletal phenotype was assessed by X-ray, 
micro-computed tomography (t1-CT) and histology. Notably, SMOi 
treatment significantly reduced the number of exostoses in Ctsk-KO 
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Figure 3 | Ptpn11 deletion in Ctsk-expressing cells causes expansion of 
novel chondroprogenitor cell population within the perichondrial groove of 
Ranvier. a, Flow cytometric analysis showing YFP* cells from pooled 
epiphyseal cartilage from 5-7 Ctsk-control;YFP mice; note increased 
percentage of such cells in 2-week-old Ctsk-KO;YFP mice. CC, chondroid cells. 
b, Flow cytometric analysis of YFP* perichondrial cells showing staining for 
CD31, CD44, CD90 and CD166. Data in panels a and b are from a single 
experiment; similar results were obtained in two additional experiments. 

c, Immunofluorescence micrograph (magnified X20) showing Stro-1 and 


DAPI 1 


Alcian Blue Oil Red 5. 


he rs 


jagged 1 expression in YFP* perichondrial cells. Nuclei are stained with DAPI. 
Note enhanced intensity of Stro-1 and jagged 1 staining in Ctsk-KO cells. Data 
shown are from single mice of each genotype; two additional mice were 
analysed for each genotype with similar results. d, CCPs give rise to cartilage, fat 
and bone. Fluorescent-activated cell sorting (FACS)-purified YEFP* cells from 
5-7 mice were subjected to differentiation assays in triplicate. After 2-3 weeks 
of culture (see Methods), cells were fixed and stained with Alcian Blue, Oil Red 
O and Alizarin Red to visualize the formation of cartilage, fat and bone tissue 
(magnified <20), respectively. 
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Figure 4 | Shp2 deficiency impairs Erk activation but promotes Ihh and 
Pthrp expression. a, Top left, RT-PCR showing increased Col2a1, Col10a1, 
Thh and Pthrp expression in laser-captured cartilaginous cells from exostoses in 
four mice per genotype, compared with normal articular cartilage cells 

(mean = s.d.; *P < 0.05, two-tailed Student’s ¢ test). Top right, 
immunostaining of representative paraffin sections from perichondrial groove 
of Ranvier region of Ctsk-KO and control mice. Note the decreased number of 
p-Erk* cells (75.4% in Ctsk-control versus 32.2% in Ctsk-KO; n = 3 mice). 
Bottom, note the increased Ihh expression but unchanged p-Akt staining in 
Ctsk-KO, compared with control, mice. b, Top left, immunoblot showing Shp2 
in ATDCS5 knockdown (KD) cells, stably expressing shRNAs against mouse 
Ptpn11 (ATDC5-KD1, ATDC5-KD2) or scrambled control hairpin. Top right, 
Representative blot showing that Shp2 deficiency decreases Erk activation in 
response to Fgf18; data from multiple experiments (n = 3) showing p-Erk levels 
(compared with control at 5 min, mean + s.d.; P< 0.05, two-tailed Student’s 


mice (Fig. 4d and Supplementary Figs 4-7) and markedly improved 
their mobility (Supplementary Video 1), without apparent effects on 
overall growth rate (Supplementary Fig. 8). Importantly, SMOi levels in 
treated mice were adequate to suppress Ihh target gene expression in 
exostoses (Supplementary Fig. 7b). 

Our findings strongly suggest that metachondromatosis results 
from loss of SHP2, specifically in CCPs, a heretofore poorly character- 
ized population within the perichondrial groove of Ranvier, which is 
believed to function as a stem-cell niche for joints’® and a reservoir for 
the germinal layer cells of the growth plate”. Cells within the groove 
of Ranvier express high levels of FGFR3 (ref. 25), and their removal 
prevents longitudinal bone growth’®. Emerging evidence shows that 
groove of Ranvier cells can migrate into articular cartilage’’, impli- 
cating them in maintaining cartilage homeostasis and possibly in 
degenerative joint diseases, such as osteoarthritis. Indeed, in lineage- 
tracing studies of normal mice, we noticed YFP* cells migrating 
towards articular cartilage (Supplementary Fig. 9, arrows, and data 
not shown). On the basis of our mouse metachondromatosis model, 
we propose that SHP2, acting downstream of FGFR3 and upstream of 
the RAS/ERK pathway, regulates CCP proliferation and chondrogenic 
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t test) are quantified below (bottom right). qRT-PCR (bottom left) shows 
increased [hh and Pthrp expression in Shp2-deficient ATDCS5 cells 

(mean + s.d.;n = 3, *P < 0.05, two-tailed Student’s t test). c, FGFR (PD173074, 
10 nM) or MEK (UO126, 1 uM) inhibitor treatment (FGFRi and UO, 
respectively) of parental ATDCS cells enhances [hh and Pthrp expression, as 
shown by qRT-PCR (mean = s.d; n = 3, *P < 0.05, two-tailed Student’s ¢ test). 
d, Faxitron radiographs showing that hedgehog pathway blockade following 
administration of the SMOi (100 pgg | body weight) to Ctsk-KO mice 
ameliorates tumour formation, compared with vehicle control (0.5% 
methylcellulose)-treated mice. Images of representative posterior paws (i-iv) 
and knees (v-vii) taken before (i, iii, v, vii) and after treatment with vehicle 
(ii, vi) or SMOi (iv, viii) for 4 weeks. Note continued development of exostoses 
and enchondromas in vehicle-treated mice, and their amelioration in SMOi- 
treated group (arrows). Also see Supplementary Figs 4-7 and Supplementary 
Video 1. 


differentiation. Consequently, PTPN11 deficiency in these cells pro- 
motes excessive proliferation, chondrogenic differentiation and cartil- 
age tumours. 

Metachondromatosis is associated with heterozygous inactivating 
mutations in PTPN11, yet Ctsk-control mice are normal, whereas 
Ctsk-KO mice exhibit metachondromatosis-like features. Although 
PTPN11 gene dosage effects could differ in mouse and man (and thus 
50% reduction in SHP2 level might cause metachondromatosis in 
humans but not in mice), we think it is more likely that loss of the 
remaining PTPN11 allele (for example, by loss of heterozygosity or 
silencing) is required to cause cartilage tumours in metachondroma- 
tosis. If so, then unlike its oncogenic role in juvenile myelomonocytic 
leukaemia, other hematologic malignancies and solid tumours”, PTPN11 
is a tumour suppressor in cartilage. Liver-specific Ptpn11 deletion 
reportedly results in hepatocellular carcinoma”. However, we have not 
seen liver tumours in our Ptpn11 conditional knockout mice crossed to 
the same Cre line (F.H. & B.G.N., manuscript in preparation), nor is 
PTPN11 mutated in human hepatocellular carcinoma. Moreover, our 
biochemical and pharmacological analysis, together with previous 
studies, provide a parsimonious and attractive explanation for the 
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apparently paradoxical pro- and anti-oncogenic effects of PTPN11. In 
both cases, SHP2 is a critical regulator of ERK. The activating PTPN11 
mutations associated with cancer promote proliferation and survival, 
at least in part via increased ERK activation. Similarly, overexpression 
or increased activation of normal SHP2 binding proteins such as 
GAB2, or the presence of pathologic SHP2 binding proteins such as 
Helicobacter pylori CagA”*, can hyperactivate ERK and contribute to 
various malignancies. Conversely, SHP2 deficiency is oncogenic in 
CCPs because in these cells, ERK normally represses the expression 
of the growth stimulator IHH (which, in turn, stimulates PTHRP 
production). Future studies should focus on better defining the prop- 
erties of CCPs, determining whether PTPN11 also acts as a tumour 
suppressor in other cartilage neoplasms, including chondrosarcoma, 
and most importantly, on testing the effects of smoothened inhibition 
in metachondromatosis patients. Finally, given our proposed mech- 
anism of metachondromatosis pathogenesis, our results call for cau- 
tion in the long-term use of MEK or ERK inhibitors. 


METHODS SUMMARY 

Ptpn11 floxed (Ptpn1 Py, cathepsin K-Cre (Ctsk-Cre)'*, Rosa26-LSL-lacZ (R26- 
LSL-lacZ)”’, and Rosa26-LSL-YFP (R26-LSL-YFP)*° Cre reporter mice were on 
C57BL/6 background. PCR genotyping was performed as described'*””?”°; con- 
ditions are available from W.Y. Animal studies were approved by the Institutional 
Animal Care and Use Committee at Rhode Island Hospital. Mice of both genders 
were used for this study. Antibodies and reagents are detailed in Methods. CCPs 
isolated from epiphyseal cartilage of 2-week-old Ctsk-control;YFP and Ctsk- 
KO;YFP mice (detailed in Methods) were analysed by flow cytometry or subjected 
to multi-lineage differentiation assays. For flow cytometry, cells were stained with 
fluorescence-labelled antibodies, and analysed on a BD LSR II flow cytometer 
using FlowJo software (TreeStar). YEP™ cells were purified by using a BD Influx 
cell sorter (BD Bioscience). ATDCS cells stably expressing mouse Ptpn11 shRNAs 
or a scrambled control were generated in pSuper(retro)/puro (Oligoengine). RNA 
was extracted from cells or laser-dissected lesions using RNeasy (Qiagen), com- 
plementary DNA was synthesized using iScript (Bio-Rad), and qRT-PCR was 
performed with the iQ SYBR Green kit. Values were normalized to Gapdh levels, 
and are expressed as fold-change over control. Primer sequences are available from 
W.Y.. Femurs, tibiae and paws were fixed in 4% paraformaldehyde, decalcified in 
0.5 MEDTA, and sections (5 |tm) were stained with haematoxylin and eosin, Alcian 
Blue or Safranin O. Immunohistochemistry was performed using peroxidase- 
coupled secondary antibodies, with diaminobenzidine as the substrate. X-gal stain- 
ing was performed as described’’. Digital imaging was performed using Faxitron 
(plain films) and desktop microcomputed tomographic (u-CT40, Scanco Medical) 
systems. The number of exostoses was quantified from these images. Immunoblot- 
ting and detection by enhanced chemiluminescence (Amersham) were performed 
as described’®. Differences between groups were evaluated by Student’s ¢ test, with 
P<0.05 considered significant. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Ptpn11 floxed (Ptpn1 pyro, cathepsin K-Cre (Ctsk-Cre)'?, Rosa26-LSL-lacZ 
(R26-LSL-lacZ)””, and Rosa26-LSL-YFP (R26-LSL-YFP)*° Cre reporter mice were 
on C57BL/6 background. 

Antibodies and reagents. The following antibodies were purchased: monoclonal 
anti-p-tyrosine (4G10) was from Millipore; polyclonal antibodies against p-Erk1/ 
2, Erk2, p-Akt(Ser 473), Akt, Shp2, p-Statl (Tyr 701) and Statl were from Cell 
Signaling; antibodies against Ihh, Col2«1 and Coll0%1 were from Santa Cruz 
Biotechnology and Abcam, respectively; fluorescence-labelled antibodies against 
CD31, CD44, CD45, CD90 and CD166 were purchased from eBioscience; and 
antibodies against Stro-1 and jagged 1 were purchased from Invitrogen and Epi- 
tomics, respectively. Alexa 488-labelled goat anti-rabbit IgG and Alexa 594-labelled 
anti-rabbit and anti-mouse IgG were purchased from Invitrogen. Fgf18 was pur- 
chased from PeproTech. UO126 and PD173074 were from Calbiochem and 
Selleckbio, respectively. PF-04449913 was kindly provided by Pfizer. Alcian Blue, 
Alizarin Red S and Oil Red O staining solutions were purchased from Poly Scientific. 
Cell isolation and culture. To isolate YFP * CCPs, epiphyseal cartilage was dissec- 
ted from 2-week-old Ctsk-control;YFP and Ctsk-KO;YFP mice, and digested with 
hyaluronidase (2.5 mg ml’, Sigma) and trypsin-EDTA (0.25%, Invitrogen) to remove 
soft tissues, and then with collagenase D (2.5 mg ml ~ ' Roche) for 4-6 h to release 
all cartilage cells. After washing in PBS, cells were stained with fluorescence- 
labelled antibodies (using concentrations recommended by the manufacturers), 
and analysed by flow cytometry, or YFP” cells were purified by FACS and placed 
in short-term cultures (3-4 days) in murine mesenchymal culture medium (StemCell 
Technologies) containing 10% FBS. 

Parental ATDCS5 cells were obtained from C. Phornphutkul (Brown University) 
and cultured in complete DMEM/F12 medium (1:1) (Invitrogen), as described*". 
shRNAs against mouse Ptpn11 (KD1: 5'-GATTCAGAACACTGGGGACTTCA 
AGAGAGTCCCCAGTGTTCTGAATC-3’; KD2: 5'-GAGTAACCCTGGAGAC 
TTCTTCAAGAGAGAAGTCTCCAGGGTTACTC-3’), or a scrambled control 
for KD1 (5'-TAGTACAAGTCCAAGCGGCTTCAAGAGA GCCGCTGGACT 
TGTACTA-3’), were introduced into the retroviral vector pSuper(retro)/puro 
(Oligoengine). Viral supernatants were collected from 293T cells co-transfected 
with each retroviral vector and Ecopac, and used to infect ATDC5 cells, which 
were then selected with puromycin”. 

Differentiation assays. CCPs (~2 < 10°), purified by FACS (for YFP) from 10- 
14-day-old Ctsk-R26-LSL-YFP reporter mice, were cultured in differentiation 
medium for chondrocytes (DMEM with 10% FBS, 0.1 4M dexamethasone, 0.1 mM 
ascorbic acid, 10 mM glycerol 2-phosphate, 1 ng ml” ' TGF-B.1), adipocytes (DMEM 
with 10% FBS, 1 11M dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 
10 ug ml 7 insulin), or osteoblasts (DMEM with 10% FBS, 0.1 uM dexamethasone, 
0.2 mM ascorbic acid, 10 mM glycerol-2-phosphate, 10 ng ml ' rhMBP2), respec- 
tively. After culturing for 2 (adipogenic or chondrogenic differentiation) or 
3 weeks (osteogenesis), cells were fixed and stained with Alcian Blue, Oil Red O or 
Alizarin Red to visualize the formation of cartilage, fate, and bone tissue, respectively. 
qRT-PCR. RNA was extracted from cultured cells or cartilage lesions enriched 
by laser-capture using the RNeasy kit (Qiagen). cDNA was synthesized using 
iScriptcDNA Synthesis Kit (Bio-Rad), and qRT-PCR was performed by using 
the iQ SYBR Green qPCR kit. All values were normalized to Gapdh levels, and 
qRT-PCR data were expressed as fold-increases compared with controls. Primer 
sequences and PCR conditions are available from W.Y. upon request. 

Flow cytometry and FACS. Epiphyseal cartilage cells were stained with fluorescence- 
labelled antibodies, as described’, and analysed on a BD LSR II flow cytometer. 
YFP cells were purified by FACS using a BD Influx cell sorter (BD Bioscience). 
Flow cytometric data were analysed with FlowJo software (TreeStar). 


Histology. Ctsk-control and Ctsk-KO mice were euthanized at the indicated ages, 
and femurs, tibiae and paws were removed and fixed in 4% PFA overnight at 4 °C. 
Postnatal skeletal tissues were decalcified in 0.5M EDTA before embedding. 
Tissue sections (5 tm) were stained with haematoxylin and eosin, Alcian blue 
or Safranin O. Immunofluorescence staining was carried out using secondary anti- 
bodies conjugated to the indicated fluorophores at concentrations recommended 
by their manufacturers. Immunohistochemistry was performed using fluorescence- 
or peroxidase-coupled anti-rabbit, -mouse or -goat secondary antibodies, as per 
the manufacturer’s instructions, with diaminobenzidine serving as the substrate. 
X-gal staining was performed as described’. 

Drug treatment. Two trials were performed using the smoothened inhibitor PF- 
04449913. In a pilot study, groups (five mice per each group) of knockout mice 
were treated with SMOi (100 jig ¢_' body weight) or vehicle control (0.5% methyl- 
cellulose), beginning at 5 weeks of age (at which time early lesions were present) 
and continuing for the succeeding 4 weeks. Mice were randomized by alternate 
assignment to control (vehicle) or drug treatment arms. The pilot experiment 
showed a significant difference in number of exostoses (assessed radiographically) 
in the SMOi group, and led to a second study (again involving five mice each) to 
confirm these findings and also assess additional parameters (1-CT, histology, 
gene expression). Two mice (one each from control and experimental groups, 
respectively) died for unknown reasons during the second trial, and were excluded 
from the analysis because they were removed from cages and could not be recov- 
ered. All surviving mice from both studies were included in the analyses shown in 
the text. 

Microcomputed tomography (u-CT) and X-ray analysis. X-ray images of the 
entire skeleton, knees, metatarsals and phalanges were obtained immediately after 
euthanasia by using a Faxitron X-ray system (Wheeling). After fixation in 4% PFA, 
u-CT images of skeletal tissues were scanned with a desktop microcomputer 
graphic imaging system (41 CT40, Scanco Medical AG). The number of exostoses 
was measured from these radiographic images, as indicated in the figure legends. 
For these studies, mice were assigned a code number by the animal technician, and 
blinded quantification was carried out by W.Y. 

Immunoblotting. Cells were lysed in modified NP-40 buffer (0.5% NP-40, 150 mM 
NaCl, 1 mM EDTA, 50 mM Tris (pH 7.4)), supplemented with a protease inhibitor 
cocktail (1mM PMSF, 1mM NaF, 1mM sodium orthovanadate, 10 mg ml! 
aprotinin, 0.5 mg ml‘ antipain and 0.5 mg ml pepstatin), as described". For immu- 
noblotting, cell lysates (10-50 jig) were resolved by SDS-PAGE, transferred to 
polyvinylidene difluoride membranes, and incubated with primary antibodies for 
2h or overnight at 4°C (according to the manufacturer’s instructions), followed 
by horseradish peroxidase-conjugated secondary antibodies. Detection was by 
enhanced chemiluminescence (Amersham). Signals were quantified using NIH 
Image]. 

Statistical analysis. Differences between groups were evaluated by Student's t test. 
A p value of <0.05 was considered significant. For all of these experiments, between- 
group variances were similar and data were symmetrically distributed. All analyses 
were performed by using Excel (Microsoft) and Prism 3.0 (GraphPad). 
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Figure 1 | Dark solitons in a fermionic superfluid. Yefsah et al.' created and observed the motion of 
dark solitons in an ultracold gas of strongly interacting fermionic atoms. a, The size of the atomic pairs 
(blue and red) comprising the gas determines how much such a soliton modulates the density of the gas 
(orange and black, with black denoting higher density and orange lower). The dark soliton (dip in the 
gas density) gets increasingly filled with non-condensed-gas atoms as the system moves from the Bose- 
Einstein condensation regime to the intermediate crossover superfluid, and then to a Bardeen—-Cooper- 
Schrieffer superfluid. b, The propagation of a dark soliton in a trapped interacting Fermi gas. 


arises from the existence of superfluidity in 
these interacting fermionic systems’ ’. In the 
crossover between the BEC and BCS regimes, 
the pair size is comparable to the inter-particle 
spacing and the gas is difficult to describe”. 
However, this regime is particularly appealing 
because its physics is the same for all different 
types of fermions — such a Fermi gas is said to 
be universal or unitary. Lacking any satisfac- 
tory theoretical description, researchers have 
conducted several experiments in this regime 
using ultracold quantum gases of fermions, and 
fundamental equilibrium and a few dynamical 
properties have been observed. One striking 
example was the observation of vortices, quan- 
tized units of angular momentum, which unam- 
biguously confirmed the existence of robust 
superfluidity also in the unitary Fermi gas’. 

In their experiments, Yefsah et al. used the 
dynamical evolution of dark solitons across 
the BEC-BCS transition as a probe of the 
underlying Fermi gas. They continuously 
varied the pair size in an ultracold gas of 
lithium-6 fermionic atoms over the complete 
BEC-BCS crossover (Fig. 1) using a tool known 
as magnetic Feshbach resonance. They created. 
dark solitons and allowed them to oscillate in 
the ‘harmonic trap’ they used to confine the 
atoms. Unexpectedly, they found that, whereas 
soliton oscillations deep in the BEC regime 
behaved quite as expected from theory, their 
motion was slowed down by almost a factor of 
20 in the unitary and BCS regimes. The authors 
observed that, as these regimes are approached, 
the density dip that makes up a dark soliton gets 
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significantly more filled with non-condensed- 
gas atoms than expected from calculations. This 
filling makes the soliton heavier and thus slows 
down its motion’ ”. 

Thermal and quantum fluctuations could 
both be responsible for these non-condensed 
atoms and thus for the existence of such heavy 
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solitons. Yefsah et al. have carefully analysed 
soliton oscillations at different temperatures 
and showed that the observed increase in the 
effective mass of the solitons is not caused by 
thermal fluctuations. On the other hand, exist- 
ing theories underestimate the effect of quan- 
tum fluctuations, so Yefsah and colleagues’ 
study should be regarded as a benchmark 
quantum simulation to test future theories of 
strongly interacting Fermi gases. Regardless of 
whether exotic states inside the solitons, such 
as Andreev bound states, or completely dif- 
ferent and as yet unknown mechanisms can 
generate the slow motion of the dark solitons, 
shedding light on this problem might turn out 
to be beneficial for our general understanding 
of strongly interacting fermions. m 
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Tumour stem cells 


in bone 


Activation of the signalling molecule SHP2 is implicated in driving several 
cancers. In a newly described class of bone- progenitor cells, however, it seems 
that the protein acts as a tumour suppressor. SEE LETTER P.491 


MONE ZAIDI & SIMON MENDEZ-FERRER 


he process of bone formation and main- 
tenance requires the integrated action 
of several cell types. When this balance 
is perturbed, tumours can arise. In a paper 
published on page 491 of this issue, Yang et al.’ 
assess the mutations underlying one such 
disorder, metachondromatosis, and in doing 
so identify a cell population that may be 


*This article and the paper under discussion’ were 
published online on 17 July. 
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considered the first cancer stem cells to be 
discovered in bone.* 

Long bones are initially formed from cells 
called chondrocytes, which create a flex- 
ible cartilage scaffold. Blood vessels then 
invade this mould, bringing cells that ulti- 
mately form bone marrow. Within the ves- 
sel walls are cells that give rise to osteoblasts, 
which mineralize the cartilaginous matrix 
to form a rigid structure — bone’. Chon- 
drocytes persist and proliferate at the tips of 
long bones to allow linear bone growth up 


to puberty. Thereafter, bone is continuously 
remodelled, with packets of old bone being 
resorbed by osteoclasts and replaced by new 
bone formed by osteoblasts — a repara- 
tive process that maintains skeletal integrity 
throughout adult life’. 

Uncontrolled chondrocyte proliferation in 
humans causes benign cartilage-tumour syn- 
dromes such as metachondromatosis. This 
heritable disease results mainly* from loss-of- 
function mutations in PTPN11,a gene encod- 
ing the ubiquitously expressed phosphatase 
enzyme SHP2. But the cell population that 
becomes tumorigenic following the loss of 
SHP2 has hitherto remained a mystery. To 
investigate this, Yang et al. deleted Ptpn11 in 
mice using two systems: one of these linked 
gene deletion to the expression of LysM, a 
gene expressed by osteoclasts, macrophages 
and monocytes (the latter two are white blood 
cells); the other linked deletion to the expres- 
sion of Ctsk, which was thought to be an 
osteoclast-specific gene. The authors observed 
mildly reduced bone resorption, compared 
with normal animals, in the first category of 
mice — as would be expected following altera- 
tion to normal osteoclast activity. However, the 
Ctsk-dependent Ptpn11 gene deletion resulted 
in mice with characteristics of human meta- 
chondromatosis, including the formation of 
new bone over existing bone. 

This intriguing observation suggested that 
the Ctsk-mediated Ptpn11 excision had in fact 
occurred not in osteoclasts but in another, 
previously uncharacterized, cell type. The 
authors identified these cells as belonging to 
the perichondrium — the layer of tissue that 
surrounds the cartilage at the tips of long 
bones. The perichondrial ring was known to 
bea source of chondrocyte precursors, but the 
identity and function of these progenitor cells 
was previously unclear. By documenting that 
Ptpn11-excised cells migrate from the peri- 
chondrium towards joint-associated cartilage, 
Yang and colleagues provide evidence that 
not only implicates these cells as chondrocyte 
progenitors but also indicates that they have a 
broad role in cartilage physiology. 

An equally significant outcome of this study 
is the identification of a new site of action of 
Ctsk (cathepsin K), a protease enzyme that 
was thought to be expressed predominantly 
in osteoclasts and to function in bone-matrix 
degradation’. The finding that Ctsk is strongly 
expressed in perichondrial progenitor cells, 
and may therefore be involved in cartilage 
degradation, means that drugs inhibiting this 
protein (which are currently being developed 
to treat osteoporosis) could conceivably affect 
cartilage homeostasis. The results also mean 
that we must reconsider the use of Ctsk expres- 
sion as a way of selectively modifying gene 
activity in osteoclasts®. 

Interestingly, the Ctsk-expressing perichon- 
drial cells express markers of mesenchymal 
stem cells, which are cells that can differentiate 
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Figure 1 | Regulation of chondrocyte formation. Yang et al.' have identified, in mice, a population of 
progenitor cells in the perichondrium tissue layer that surrounds cartilage in long bones. These cells, 
which may derive from mesenchymal stem cells, can give rise to osteoblasts, adipocytes and chondrocytes 
in vitro. The authors show that the gene Ptpn11 acts as a tumour suppressor in these cells, such that 
deletion of Ptpn11 in these cells (not shown) initiates the formation of cartilage tumours similar to those 
seen in the human disorder metachondromatosis. The authors propose that this results from decreased 
production of the protein Fgf18 and, thereby, increased production of Ihh and Pthrp, which stimulate 


chondrocyte proliferation. 


into several cell types, including osteoblasts, 
adipocytes and chondrocytes. The authors 
show that these perichondrial cells have simi- 
lar multipotency in vitro (Fig. 1), and that the 
cells increase in number during disease pro- 
gression in mice. These cells therefore seem 
to constitute a novel pool of Shp2-regulated, 
mesenchymal-lineage cells in mouse bone. 
However, it is not clear whether they fulfil 
the criteria for bona fide mesenchymal stem 
cells or simply represent more-committed 
skeletal precursor cells akin to others that 
function in bone remodelling”. It is worth 
noting that both Ctsk and Ptpn11 are highly 
expressed in some mesenchymal stem cells”?°, 
suggesting a possible relationship between 
these cells and the newly identified 
perichondrial population. 

Whether or not these perichondrial cells 
prove to be true mesenchymal stem cells, 
Yang and colleagues have for the first time 
established the presence ofa ‘cancer stem cell’ 
in bone (even though the tumours that arise 
from these cells are benign). However, the 
method used in the present study will have led 
to Ptpn11 deletion not only in the perichon- 
drial progenitor cells, but also in cells that are 
derived from them, which raises the question 
of whether Shp2 deletion in the progenitors 
is the sole driver of tumour formation, or 
whether a ‘second hit’ of Shp loss is required. 
Addressing this question will be important for 
understanding the establishment and progres- 
sion of the resulting disease. 

In addition to causing metachondromato- 
sis, germline mutations in human PTPN11 
cause Noonan, Noonan-like and LEOPARD 
syndromes, and somatic (non-germline) 
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mutations in this gene are associated with 
leukaemias and solid cancers. In metachon- 
dromatosis and LEOPARD syndrome, the 
mutations lead to inactivation of SHP2, 
whereas in the other cases SHP2 is abnormally 
activated. How can SHP2 signalling some- 
times promote cell proliferation but in other 
cases, such as in the progenitor cells identi- 
fied by Yang et al., suppress it? It is known 
that PTPN11 mutations can change the con- 
formation of SHP2 in ways that either activate 
or inhibit oncogenic pathways. In LEOPARD 
syndrome, for example, PTPN11 mutations 
result in a catalytically inactive SHP2 con- 
formation that inhibits Erk activation'’”, but 
although this would be expected to reduce 
oncogenesis, LEOPARD syndrome is associ- 
ated with a high cancer incidence”. 

Similarly, Yang and colleagues found that 
Erk activation was inhibited in mice with Ctsk- 
driven Ptpn11 deletion. They also showed that 
the cartilage tumorigenesis in these mice was 
the result of reduced secretion of the protein 
Fgf18, which led to elevated production of 
the proteins [hh and Pthrp, both of which are 
potent stimulators of chondrocyte prolifera- 
tion (Fig. 1). Treating the mice with a drug that 
targets the Ihh receptor effectively prevented 
tumour formation. Whether similar pathways 
drive tumour formation in human patients with 
metachondromatosis remains to be determined, 
but the collective results provide several targets 
for further investigation into the biology of this 
disease and its potential treatment. m 
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How to catcha 
galactic wind 


Observations obtained by the Atacama Large Millimeter Array in Chile’s 
Atacama Desert have revealed properties of the cold molecular phase of the wind 
that is being blown out of a nearby starburst galaxy. SEE LETTER P.450 


MARK WESTMOQUETTE 


breaking interferometric observations 

of carbon monoxide emission from the 
nucleus and the central 2-kiloparsec region of 
a nearby starburst galaxy. The high sensitivity 
and resolution of these observations allowed 
the authors to detect faint molecular gas 
associated with a known superwind and to 
measure its mass-outflow rate for the first time. 

When galaxies interact or merge, large 
quantities of gas can sometimes be channelled 
inwards asa result of the galaxies’ gravitational 
forces. Under the right circumstances, this can 
trigger a massive burst of star formation in the 
heart of either or both galaxies, known as a 
starburst. The energy released, or fed back, by 
all these young stars in the form of radiation 
and winds (fast-moving gas particles blown 
off the stars) can have a marked effect on the 
remaining gas in the vicinity. 

A single, short-lived star-formation event in 
a galaxy has an effect similar to an explosion. 
The energy released by the new stars creates 
a shock wave that compresses the surround- 
ing gas into an expanding bubble. If the bub- 
ble inflates to a size comparable to that of the 
galaxy itself, then it is referred to as a super- 
bubble. However, if the starburst proceeds for 
an extended period, then the initial bubble 
inflates and bursts, and the ongoing injection 
of energy drives the gas into a continuous flow 
of material called a galactic wind or super- 
wind’. 

The exact mechanisms of how the stars 
accelerate and drive gas outwards are hotly 
debated topics**. Constraints on theoretical 
predictions can come only from observations, 
and, because galactic winds are composed of 


E this issue, Bolatto et al.' present ground- 
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materials of mostly very low density that range 
over about five orders of magnitude in temper- 
ature, meaningful observations are difficult to 
make. Until recently, most of our understand- 
ing of galactic winds has come from the warm 
(10,000 kelvin) ionized and cooler (5,000 K) 
neutral gas phases of the winds, because they 
emit or absorb light in the easily accessible 
optical part of the spectrum. However, these 
phases contain neither most of the energy, 
which is in the hot X-ray-emitting phase, 


CO emission —= 


Ho emission 


X-ray emission 


nor most of the mass, which is in the cold 
molecular phase. 

It is only in the past few years that we have 
had the capability to detect emissions from 
the mass-laden molecular phase of outflows 
in nearby galaxies. This is because of increases 
in sensitivity made possible by updated tech- 
nology on telescopes such as the Very Large 
Array in New Mexico and the IRAM Plateau 
de Bure interferometer in France, and with the 
advent of Europe’s Herschel Space Observa- 
tory and now the Atacama Large Millimeter 
Array (ALMA) in Chile. One of the surprising 
results of these studies is that massive molecu- 
lar winds are much more common than pre- 
viously thought. However, many unanswered 
questions remain, meaning that it will be 
essential to make detailed investigations of the 
nearest examples of these winds. 

In their paper (page 450), Bolatto and 
colleagues’ report on observations, made 
with ALMA during its first year of opera- 
tions, of one of the nearest starburst galax- 
ies with a well-known superwind, NGC 253. 
This allowed them to image the cold carbon 
monoxide (CO) gas emission in NGC 253 at 
an incredible resolution of 50 parsecs. The 
unprecedented sensitivity of the research- 
ers’ observations revealed a number of very 
faint CO emission streamers out to heights of 
120-320 parsecs for the first time. The mor- 
phology of these filaments closely matches 
that of the known ionized gas wind, providing 
clear evidence that the outflow also contains a 
substantial molecular component. 

The authors also found that these prominent 
molecular-gas features seem to be connected 
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Figure 1 | The structure of the NGC 253 superwind. The wind being blown out of NGC 253 by the central 
starburst is thought to be approximately conical in structure with a temperature-stratified nature. The centre 
is filled with fast-moving and hot (a temperature of about 10° K) X-ray-emitting gas, and is surrounded 

by layers of cooler (10,000 K) Ha-emitting gas and cold (100 K) molecular CO-emitting gas. Bolatto and 
colleagues’ results’ clearly show this cold CO layer at the edges of the warmer phases. The hot phase is also 
thought to contain clouds of cold material swept up by the wind’. 
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to the previously detected* expanding 
molecular shells located on either side of the 
starburst region, thus providing an additional 
link between the starburst and the wind. The 
idea, built up from previous studies of winds, 
is that the hot wind fluid (temperatures greater 
than about 10° K), driven by the cumulative 
power ofall the newly formed stars, interacts 
with the gas in the galaxy’s disk and halo as it 
flows outwards. It is in the progressively cooler 
gas layers surrounding and embedded in the 
hot wind that the optical hydrogen-a (Ha) 
emission (tracing the warm ionized gas at tem- 
peratures of about 10,000 K) and the molecular 
CO emission (tracing cold gas at temperatures 
of roughly 100 K) originates (Fig. 1). 

The sensitivity of the authors’ observations 
also allowed them to make direct measure- 
ments of the molecular-outflow speed and 
outflow rate. They found that the total mass- 
outflow rate is more than three times the 
measured star-formation rate. A considerable 
uncertainty exists in this measurement owing 
to the difficulties in converting from the meas- 
ured outflowing CO mass to the predicted total 
outflowing mass, and in applying the correct 
geometric corrections (for example, for inclina- 
tion), but it seems certain that the outflow rate 
is greater than the star-formation rate. 

These results highlight several unanswered 
questions. The first relates to the depletion rate 
of gas and the starburst lifetime: if it is blow- 
ing out large amounts of gas, how long can 
the starburst continue given that it is remov- 
ing the fuel for future star formation (that is, 
quenching itself)? Second, how is the energy 
required to eject this much material generated? 


STRUCTURAL BIOLOGY 
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The mass-outflow rate sets constraints on the 
physical mechanisms needed to expel this 
material and thus forms important inputs for 
new theoretical models. Finally, how much of 
this ejected material is re-accreted later? One 
of the biggest unknowns with regard to star- 
burst outflows is whether any of the ejected 
gas actually escapes the galaxy altogether. If it 
is not driven out far enough it may linger in 
the halo of the galaxy, cool, and rain back at 
a later time, potentially giving rise to a future 
starburst event, as might be happening in the 
starburst galaxy M82. 

Although the molecular CO gas in the 
nuclear regions of NGC 253 has been imaged 
before’, the study by Bolatto et al. represents a 
major step forward in sensitivity and resolu- 
tion, and provides new results on the wind’s 
properties. It also showcases the revolution- 
ary capabilities of ALMA in only its first year, 
operating with just 16 out of an eventual 66 
antennas. m 
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Meet the B family 


The first crystal structures of class B G-protein-coupled receptors have been 
solved. They reveal features that might inform drug-development strategies for 
diseases ranging from osteoporosis to diabetes. SEE ARTICLES P.438 & p.444 


PATRICK M. SEXTON & DENISE WOOTTEN 


-protein-coupled receptors (GPCRs) 

are the largest group of cell-surface 

receptors and are major targets for 
drug development’. These proteins are char- 
acterized by a common architecture of seven 
transmembrane-spanning helical domains, 
and can be subdivided into three main groups: 
classes A, B and C. High-resolution struc- 
tures of the membrane-spanning domain of 
GPCRs — the conduit for transmission of 
extracellular signals to the inside of a cell — 
provide snapshots that indicate how activating 


*This article and the papers under discussion** were 
published online on 17 July. 


and inactivating ligands modify the receptor 
structure. Until now, however, such studies 
have been principally restricted to class A 
receptors. In this issue, Hollenstein et al.’ 
(page 438) and Siu et al.* page 444) present the 
structures of the transmembrane domains of 
two class B members: corticotrophin-releasing 
factor-1 receptor and the glucagon receptor, 
respectively.* 

Class B GPCRs include receptors for sev- 
eral peptide hormones, which are involved 
in a host of physiological functions from 
bone maintenance and glucose regulation to 
immune function and pain transmission. As 
a result, these receptors are targets for existing 
drugs that treat several disorders, including 
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Figure 1 | Structural features of class BGPCRs. Hollenstein et al.’ and Siu et al.’ present the crystal 
structures of two class B G-protein-coupled receptors: CRF,R (orange ribbons) and GCGR (blue 
ribbons), respectively. a, The structures reveal the locations of conserved amino-acid residues that form 
similar interactions in the two receptors, including between the transmembrane helices TM2, TM3 

and TM4 (cyan), TM2 and TM3 (purple), TM1, TM2 and TM7 (beige), and TM2 and TM6 with the 
intracellular helix 8 (blue). b, The view of the proteins from outside the cell highlights the differences 
between the two structures at their extracellular faces, particularly in TM6 and TM7. 


osteoporosis and type 2 diabetes, and are being 
actively pursued as targets for treating many 
more, from obesity and migraine to depression 
and chronic obstructive pulmonary disease. 

Hollenstein and colleagues present a 
3.0-angstrém-resolution structure of the corti- 
cotrophin-releasing factor-1 receptor (CRF,R) 
in complex with a small-molecule inhibitor. 
They arrived at this structure by introduc- 
ing 12 thermostabilizing mutations into this 
GPCR and inserting the protein T4 lysozyme 
into its second intracellular loop. Siu and 
co-workers produced their 3.4-A-resolution 
structure of the glucagon receptor (GCGR) 
using a version of the protein that was largely 
unmodified, except that its amino-terminal 
domain had been replaced with a thermally 
stabilized protein. The native N-terminal 
domain of class B GPCRs is crucial for peptide 
binding, but both teams removed this region to 
aid crystallization of the proteins. 

As predicted, the core of both structures 
features seven transmembrane helices (TM1- 
TM7). However, although the relative posi- 
tions of these helices at the intracellular face 
of the proteins overlap with those in class A 
GPCRs, there is substantial deviation between 
the two classes at the extracellular face. In both 
class B proteins, there are differences in the 
positioning of TM6 and TM7 that result in 
TM6 being shifted away from TM5, with TM1 
seeming to move in parallel with TM7. This 
results in a wider and deeper extracellular cav- 
ity in the receptor core of the class B proteins 
that presumably forms part of the peptide- 
binding site. In addition, there are differences 
between the CRF,R and GCGR structures 
themselves, in the upper segments of TM6 and 
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TM7 (Fig. 1). Although it is unclear whether 
these differences were influenced by the crys- 
tallization process, they indicate that the solu- 
tion of transmembrane-core structures for 
other class B receptors will be required to help 
us understand how ligands bind and activate 
these proteins. 

A major obstacle for the therapeutic tar- 
geting of class B receptors has been their 
notorious intractability for the identifica- 
tion of small-molecule ligands, in particular, 
small-molecule activators. The new structures 
shed light on why this is so: the openness of 
the receptors’ binding pocket makes it diffi- 
cult for a small ligand to engage sufficient key 
amino-acid residues to initiate activation of the 
receptor. Nonetheless, the solved structures 
show distinct subpockets that could represent 
sites for structure-based drug design. 

Intriguingly, Hollenstein and colleagues’ 
structure shows that the small-molecule inhib- 
itor binds to a very deep pocket in the intra- 
cellular half of the CRF,R core. This ligand 
forms extensive contacts with residues in TM3, 
TM5 and TM6, and presumably inhibits recep- 
tor activation by tethering the cytoplasmic half 
of TM6 to TM3 and TM5, thereby restricting 
conformational rearrangement of the intra- 
cellular face. This represents a new target for 
the design of small-molecule ligands. How- 
ever, the amino-acid side chains in the equiva- 
lent region in the GCGR structure are more 
compact and would require reorganization to 
allow similarly sized ligands to bind. 

The evolutionarily conserved amino-acid 
motifs in class A receptors have an important 
role in maintaining the receptors in an inac- 
tive (or weakly active) state. Although the 
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intracellular face of the class B receptors is 
similar to that seen for class A proteins (with 
the exception of an inward shift of TM7), some 
of the interactions that maintain the inactive 
class A conformations (including the ionic 
lock that tethers the cytoplasmic half of TM3 
to TM6, the CWXP motif in TM6 and the 
NPXXY motif in TM7) are not present in the 
two class B receptors studied. 

Class B receptors also have a distinct pattern 
of conserved amino-acid motifs that are impor- 
tant for maintenance of the inactive conforma- 
tion and/or for conformational transitions 
required for activation. The CRF,Rand GCGR 
structures suggest conserved interactions 
between some of these key residues (Fig. 1). In 
addition, similar regions of contact are present 
between TM1 and TM2, TM1 and TM7, TM3 
and TM4, and TM3 and TM6in structures of 
both class A and B, although these interactions 
are mediated by different patterns of residues in 
each class. Thus, the new structures suggest that 
the two classes of proteins use distinct mecha- 
nisms for conformational control. 

Although these reports represent a tremen- 
dous breakthrough in GPCR biology, as with 
all crystal structures, the intramembranous 
class B structures provide only a snapshot 
of the receptors, which in reality are known 
(from cysteine-trapping studies”) to be highly 
dynamic proteins. Important questions remain 
about the final orientations of the N-terminal 
domains and transmembrane helices of the 
receptors, and about how natural activator 
molecules engage with both domains to acti- 
vate the receptors. Answering these questions 
will require both crystallization of an intact 
ligand-receptor-G-protein complex and 
studies of receptor dynamics. = 
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CORRECTION 

In the News & Views article ‘Cloaking 

of heat’ by Ulf Leonhardt (Nature 498, 
440-441; 2013), it was stated that “Einstein 
received his Nobel prize for his theory 

of diffusion, not for relativity.” In fact, he 
received the prize “for his services to 
Theoretical Physics, and especially for his 
discovery of the law of the photoelectric 
effect”. 


Studies of the receptor-binding character- 
istics of H7N9 strains’” provide a plausible 
interpretation for these transmission find- 
ings. The authors used various methods to 
show that the H7N9 viruses, and A/Anhui in 
particular, bind efficiently to both a2,3-linked 
and a2,6-linked receptors. The report by Xiong 
et al.’ is particularly comprehensive, contain- 
ing analyses of binding strength and specific- 
ity, and high-resolution X-ray crystallography 
structural data. These authors present the 
structures of A/Anhui HA, anda strictly avian 
H7 HA, in complexes with either human or 
avian receptor-like compounds. One nota- 
ble feature they describe is that the human 
receptor binds the A/Anhui HA in an unusual 
orientation that has not been observed in 
previous structural studies of HA binding. 

For several other HA subtypes, specific 
mutations that alter receptor specificity have 
been identified in the HA binding site, and 
structural studies have suggested mechanisms 
by which specific amino-acid residues in cer- 
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Dark and heavy 


Whenever a medium’s dispersion and nonlinear properties appear hand in hand, 
particle-like entities known as solitons can form. These have now been observed 
in a gas of strongly interacting fermionic atoms. SEE ARTICLE P.426 


tain structural features of the protein — the 
220-loop, 190-helix, 130-loop and 150-loop 
— might influence receptor specificity?” "' 
(Fig. 1). The A/Anhui HA contains a glu- 
tamine-to-leucine mutation at position 226 in 
the 220-loop, which is often associated with 
human adaptation, but it seems that addi- 
tional changes, such as at position 228, will 
be required for these H7N9 viruses to switch 
completely to human-receptor specificity”. 

The dual binding specificity of these H7N9 
strains poses the interesting question of why 
these viruses do not transmit efficiently in 
humans despite recognizing human recep- 
tors. One clue comes from comparing A/ 
Anhui with an H5 virus that binds human 
receptors less strongly’ than A/Anhui HA, 
yet is efficiently transmitted among ferrets by 
aerosols’*. The crucial difference might relate 
to the fact that this H5 strain shows virtually 
no binding to avian receptors’ and therefore 
might evade the inhibiting effects of extracellu- 
lar mucin glycoproteins in the airways — these 
mucins are rich in a2,3-linked glycans, which 
may inhibit avian viruses or viruses with dual 
specificity“ by sticking to them and effectively 
mopping them up before they infect cells. 

Cumulatively, the new information suggests 
that H7 viruses may be within an amino-acid 
change or two of acquiring the capacity to 
preferentially recognize receptors in the upper 
airways of humans. However, the nuances of 
binding strength, dual recognition of avian 
and human receptors, and the requirement for 
balanced HA and NA functions make specific 
predictions difficult with regard to the immi- 
nent emergence of novel strains in humans. 
Furthermore, there are other viral genetic 
factors associated with human adaptation, 
and some of these are not well characterized. 
However, as these recent papers exemplify, 
evolving influenza viruses are continuing to 
test the waters of human adaptation. = 


CHRISTOPH BECKER 


Russell made a fascinating discovery. He 
observed a solitary water wave that trav- 
elled along a narrow canal for several miles 
without any significant change in its shape 
or amplitude. Ever since, such solitary waves, 
known as solitons, have been thought to have 
a key role in fundamental transport processes 
in myriad nonlinear systems — ranging from 
fibre-optic and meteorological systems to bio- 
logical and astrophysical ones. On page 426 of 
this issue, Yefsah et al.' demonstrate the first 
experimental realization of ‘dark solitons’ in an 
ultracold quantum gas of strongly interacting 
fermionic atoms. Strikingly, they observe that 
the dynamics ofa soliton in such a gas is slowed 
down by almost a factor of 20 compared with 
state-of-the-art theoretical predictions.* 
Dark solitons are localized dips in the den- 
sity distribution of a background medium. 
Like their bright analogues, they are particle- 
like entities because they retain their shape 
while they propagate or interact with other 
solitons’. This behaviour is the result of a 
delicate balance of the medium’s dispersion 
and nonlinear properties, and is in strong 
contrast to that of an ordinary wave packet 
(a superposition of plane waves) propagating 
in a linear medium, in which the packet will 
continuously spread and ultimately disap- 
pear. Although the appearance of solitons is 
quite a robust phenomenon and is not cru- 
cially dependent on the exact properties of 
the medium, the dynamics of solitons changes 
depending on the medium. In particular, for 
quantum-mechanical systems, thermal as 
well as quantum fluctuations perturb solitons 
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significantly, which makes solitons excellent 
probes of the system. 

Dark solitons entered the world of ultracold 
quantum gases about a decade ago, when they 
were first observed’ in Bose-Einstein conden- 
sates (BECs). Ifa gas of bosons (particles with 
integer spin) is cooled to very low temperatures, 
the bosons tend to collectively condense into the 
lowest available quantum-mechanical state, giv- 
ing rise toa BEC. One feature of a BEC is the 
emergence of frictionless flow, or superfluidity, 
which in turn can lead to the appearance of dark 
solitons. By exploiting the exceptional control 
attainable in BEC experiments, researchers have 
achieved several breakthroughs, including con- 
firming the particle-like nature of solitons and 
the elasticity of soliton collisions**. 

The situation changes drastically for a gas 
of fermions — particles with half-integer 
spin. Unlike bosons, fermions are subject to 
the Pauli exclusion principle, according to 
which no two identical fermions may occupy 
the same quantum state simultaneously. To 
condense into a common quantum state with 
a macroscopic number of particles and forma 
superfluid, fermions first have to turn into bos- 
ons, and they can do so by forming pairs that 
have a resulting integer spin. The size of a pair 
crucially depends on the interaction between 
the particles, and determines the underlying 
physics. If the size is small compared with the 
inter-particle spacing, tightly bound molecules 
form and the system condenses into a BEC. If 
the size is much larger than the inter-particle 
distance, weakly bound pairs form and super- 
fluidity ensues — much like the formation of 
Cooper pairs of electrons in superconductors. 
This second regime is known as the Bardeen- 
Cooper-Schrieffer (BCS) regime. 

Theory can conveniently describe these two 
regimes, and the existence of solitons naturally 
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Figure 1 | Dark solitons in a fermionic superfluid. Yefsah et al.' created and observed the motion of 
dark solitons in an ultracold gas of strongly interacting fermionic atoms. a, The size of the atomic pairs 
(blue and red) comprising the gas determines how much such a soliton modulates the density of the gas 
(orange and black, with black denoting higher density and orange lower). The dark soliton (dip in the 
gas density) gets increasingly filled with non-condensed-gas atoms as the system moves from the Bose- 
Einstein condensation regime to the intermediate crossover superfluid, and then to a Bardeen—-Cooper- 
Schrieffer superfluid. b, The propagation of a dark soliton in a trapped interacting Fermi gas. 


arises from the existence of superfluidity in 
these interacting fermionic systems’ ’. In the 
crossover between the BEC and BCS regimes, 
the pair size is comparable to the inter-particle 
spacing and the gas is difficult to describe”. 
However, this regime is particularly appealing 
because its physics is the same for all different 
types of fermions — such a Fermi gas is said to 
be universal or unitary. Lacking any satisfac- 
tory theoretical description, researchers have 
conducted several experiments in this regime 
using ultracold quantum gases of fermions, and 
fundamental equilibrium and a few dynamical 
properties have been observed. One striking 
example was the observation of vortices, quan- 
tized units of angular momentum, which unam- 
biguously confirmed the existence of robust 
superfluidity also in the unitary Fermi gas’. 

In their experiments, Yefsah et al. used the 
dynamical evolution of dark solitons across 
the BEC-BCS transition as a probe of the 
underlying Fermi gas. They continuously 
varied the pair size in an ultracold gas of 
lithium-6 fermionic atoms over the complete 
BEC-BCS crossover (Fig. 1) using a tool known 
as magnetic Feshbach resonance. They created. 
dark solitons and allowed them to oscillate in 
the ‘harmonic trap’ they used to confine the 
atoms. Unexpectedly, they found that, whereas 
soliton oscillations deep in the BEC regime 
behaved quite as expected from theory, their 
motion was slowed down by almost a factor of 
20 in the unitary and BCS regimes. The authors 
observed that, as these regimes are approached, 
the density dip that makes up a dark soliton gets 
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significantly more filled with non-condensed- 
gas atoms than expected from calculations. This 
filling makes the soliton heavier and thus slows 
down its motion’ ”. 

Thermal and quantum fluctuations could 
both be responsible for these non-condensed 
atoms and thus for the existence of such heavy 


CELL BIOLOGY 


solitons. Yefsah et al. have carefully analysed 
soliton oscillations at different temperatures 
and showed that the observed increase in the 
effective mass of the solitons is not caused by 
thermal fluctuations. On the other hand, exist- 
ing theories underestimate the effect of quan- 
tum fluctuations, so Yefsah and colleagues’ 
study should be regarded as a benchmark 
quantum simulation to test future theories of 
strongly interacting Fermi gases. Regardless of 
whether exotic states inside the solitons, such 
as Andreev bound states, or completely dif- 
ferent and as yet unknown mechanisms can 
generate the slow motion of the dark solitons, 
shedding light on this problem might turn out 
to be beneficial for our general understanding 
of strongly interacting fermions. m 
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Tumour stem cells 


in bone 


Activation of the signalling molecule SHP2 is implicated in driving several 
cancers. In a newly described class of bone- progenitor cells, however, it seems 
that the protein acts as a tumour suppressor. SEE LETTER P.491 


MONE ZAIDI & SIMON MENDEZ-FERRER 


he process of bone formation and main- 
tenance requires the integrated action 
of several cell types. When this balance 
is perturbed, tumours can arise. In a paper 
published on page 491 of this issue, Yang et al.’ 
assess the mutations underlying one such 
disorder, metachondromatosis, and in doing 
so identify a cell population that may be 


*This article and the paper under discussion’ were 
published online on 17 July. 
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considered the first cancer stem cells to be 
discovered in bone.* 

Long bones are initially formed from cells 
called chondrocytes, which create a flex- 
ible cartilage scaffold. Blood vessels then 
invade this mould, bringing cells that ulti- 
mately form bone marrow. Within the ves- 
sel walls are cells that give rise to osteoblasts, 
which mineralize the cartilaginous matrix 
to form a rigid structure — bone’. Chon- 
drocytes persist and proliferate at the tips of 
long bones to allow linear bone growth up 
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Pathways to human adaptation 


An outbreak of avian H7N9 influenza in humans was reported in early 2013. Structural and infection studies are helping to 
reveal how these viruses can adapt to infect, and potentially transmit in, new species. SEE LETTERS P.496 & P.500 


DAVID A. STEINHAUER 


he seasonal varieties of influenza that 

circulate through human populations 

are serious enough, but what we really 
fear is the emergence in humans of novel pan- 
demic strains. Such viruses could emerge from 
natural avian hosts such as ducks, either directly 
or through intermediate hosts such as chick- 
ens or pigs. On the unpredictable occasions 
when these viruses cross species barriers and 
infect humans, the consequences can be dra- 
matic: over the past decade, highly pathogenic 
H5N1 avian strains have caused limited but 
lethal human outbreaks, and the emergence of 
human H7N9 viruses in China earlier this year 
reinforced this threat. Several papers published 
over the past two months’, including two in 
this issue (Xiong et al., page 496 and Zhou et 
al., page 500) have addressed receptor binding, 
transmission and pathogenesis of influenza 
viruses, with a focus on H7N9 strains.* These 
reports document the viral characteristics and 
associated genetic changes that partially explain 
why H7N9 strains can sporadically infect 
humans, and offer insights into the evolution- 
ary pathways by which such strains might adapt 


*This article was published online on 17 July and the 
papers under discussion were published online 
on 20 June’, 3 July’ and 10 July!*. 


Influenza A virus 


Figure 1 | Viral species preferences. a, In the influenza A virus, a layer of 
haemagglutinin (HA) and neuraminidase (NA) glycoproteins protrude from the 
viral membrane. b, HA isa trimeric molecule, and the membrane-distal domain 
of each monomer contains a binding site (shaded region) for the carbohydrate 
chains of glycolipids or glycoproteins with sialic acid at their ends. c, Influenza 
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for efficient human-to-human transmission. 

A vast genetic reservoir of influenza A strains 
exists in their natural avian hosts. The viruses 
are classified on the basis of the antigenic prop- 
erties of their surface glycoproteins haemag- 
glutinin (HA) and neuraminidase (NA), from 
which is derived the common nomenclature 
for influenza A subtypes — H5N1, H7N9 and 
so on. Of the 16 HA subtypes and 9 NA sub- 
types known to circulate in waterfowl, only 
H1N1, H2N2 and H3N2 have emerged and 
developed the capacity for efficient transmis- 
sion in humans over the past century. Although 
adaptation for human transmission probably 
involves multiple genetic factors, one crucial 
requirement relates to the receptor-binding 
properties of the HA glycoprotein, which must 
mutate before it can recognize receptors in the 
human respiratory tract. 

Influenza viruses initiate infection by HA- 
mediated binding to cell-surface molecules, 
such as glycoproteins and glycolipids, that 
contain carbohydrate chains terminating in 
sialic acid. As a general rule, avian viruses tend 
to bind to receptors with sialic acid linked to 
these chains by «2,3 glycosidic bonds, whereas 
human strains show a preference for recep- 
tors with a2,6-linked sialic acid (Fig. 1). These 
preferences generally reflect the distribution 
of receptors at sites of infection in the virus’s 
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preferred hosts and the natural routes of trans- 
mission. Human influenza viruses are trans- 
mitted by the respiratory route, and the human 
upper airway is rich in «2,6-linked receptors. 
Avian viruses, by contrast, often use a faecal/ 
oral transmission route, and the intestinal tract 
of ducks, for example, contains a high density 
of «2,3-linked receptors. Therefore, a key issue 
in regard to host adaptation seems to be the 
mechanisms by which the structure of HA‘s 
receptor-binding sites can mutate to discrimi- 
nate between ‘avian’ and ‘human’ receptors. 

The recent studies on H7N9 influenza viruses 
used two human isolates, referred to as A/Anhui 
and A/Shanghai. Three of the studies’*® inves- 
tigated the infection, pathogenesis and trans- 
mission of H7N9 in experimental animals, 
including ferrets. In ferrets, human-adapted 
pandemic and seasonal influenza viruses are 
generally efficiently transmitted by the respira- 
tory route in aerosols, whereas avian viruses are 
not; so ferrets are considered the best model 
for predicting a virus’s capacity for human-to- 
human transmission. Notably, each of the three 
studies showed that approximately one third of 
the ferrets that had not previously been exposed 
to the H7N9 viruses became infected through 
respiratory droplets from infected ferrets, indi- 
cating that these viruses have an intermediate 
capacity to be transmitted by aerosols. 


190-helix 


220-loop 


) - 130-loop 


Human receptor 


viruses that circulate in birds tend to bind to receptors in which the sialic acid 
contains «2,3 glycosidic bonds, whereas human strains show a preference for 
receptors with a2,6-linked sialic acid. Differences in the amino acids making up 
the structural features of the HA binding site (the 190-helix, 220-loop, 130-loop 
and 150-loop) are thought to influence this receptor specificity. 


Studies of the receptor-binding character- 
istics of H7N9 strains’” provide a plausible 
interpretation for these transmission find- 
ings. The authors used various methods to 
show that the H7N9 viruses, and A/Anhui in 
particular, bind efficiently to both a2,3-linked 
and a2,6-linked receptors. The report by Xiong 
et al.’ is particularly comprehensive, contain- 
ing analyses of binding strength and specific- 
ity, and high-resolution X-ray crystallography 
structural data. These authors present the 
structures of A/Anhui HA, anda strictly avian 
H7 HA, in complexes with either human or 
avian receptor-like compounds. One nota- 
ble feature they describe is that the human 
receptor binds the A/Anhui HA in an unusual 
orientation that has not been observed in 
previous structural studies of HA binding. 

For several other HA subtypes, specific 
mutations that alter receptor specificity have 
been identified in the HA binding site, and 
structural studies have suggested mechanisms 
by which specific amino-acid residues in cer- 
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Dark and heavy 


Whenever a medium’s dispersion and nonlinear properties appear hand in hand, 
particle-like entities known as solitons can form. These have now been observed 
in a gas of strongly interacting fermionic atoms. SEE ARTICLE P.426 


tain structural features of the protein — the 
220-loop, 190-helix, 130-loop and 150-loop 
— might influence receptor specificity?” "' 
(Fig. 1). The A/Anhui HA contains a glu- 
tamine-to-leucine mutation at position 226 in 
the 220-loop, which is often associated with 
human adaptation, but it seems that addi- 
tional changes, such as at position 228, will 
be required for these H7N9 viruses to switch 
completely to human-receptor specificity”. 

The dual binding specificity of these H7N9 
strains poses the interesting question of why 
these viruses do not transmit efficiently in 
humans despite recognizing human recep- 
tors. One clue comes from comparing A/ 
Anhui with an H5 virus that binds human 
receptors less strongly’ than A/Anhui HA, 
yet is efficiently transmitted among ferrets by 
aerosols’*. The crucial difference might relate 
to the fact that this H5 strain shows virtually 
no binding to avian receptors’ and therefore 
might evade the inhibiting effects of extracellu- 
lar mucin glycoproteins in the airways — these 
mucins are rich in a2,3-linked glycans, which 
may inhibit avian viruses or viruses with dual 
specificity“ by sticking to them and effectively 
mopping them up before they infect cells. 

Cumulatively, the new information suggests 
that H7 viruses may be within an amino-acid 
change or two of acquiring the capacity to 
preferentially recognize receptors in the upper 
airways of humans. However, the nuances of 
binding strength, dual recognition of avian 
and human receptors, and the requirement for 
balanced HA and NA functions make specific 
predictions difficult with regard to the immi- 
nent emergence of novel strains in humans. 
Furthermore, there are other viral genetic 
factors associated with human adaptation, 
and some of these are not well characterized. 
However, as these recent papers exemplify, 
evolving influenza viruses are continuing to 
test the waters of human adaptation. = 


CHRISTOPH BECKER 


Russell made a fascinating discovery. He 
observed a solitary water wave that trav- 
elled along a narrow canal for several miles 
without any significant change in its shape 
or amplitude. Ever since, such solitary waves, 
known as solitons, have been thought to have 
a key role in fundamental transport processes 
in myriad nonlinear systems — ranging from 
fibre-optic and meteorological systems to bio- 
logical and astrophysical ones. On page 426 of 
this issue, Yefsah et al.' demonstrate the first 
experimental realization of ‘dark solitons’ in an 
ultracold quantum gas of strongly interacting 
fermionic atoms. Strikingly, they observe that 
the dynamics ofa soliton in such a gas is slowed 
down by almost a factor of 20 compared with 
state-of-the-art theoretical predictions.* 
Dark solitons are localized dips in the den- 
sity distribution of a background medium. 
Like their bright analogues, they are particle- 
like entities because they retain their shape 
while they propagate or interact with other 
solitons’. This behaviour is the result of a 
delicate balance of the medium’s dispersion 
and nonlinear properties, and is in strong 
contrast to that of an ordinary wave packet 
(a superposition of plane waves) propagating 
in a linear medium, in which the packet will 
continuously spread and ultimately disap- 
pear. Although the appearance of solitons is 
quite a robust phenomenon and is not cru- 
cially dependent on the exact properties of 
the medium, the dynamics of solitons changes 
depending on the medium. In particular, for 
quantum-mechanical systems, thermal as 
well as quantum fluctuations perturb solitons 
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significantly, which makes solitons excellent 
probes of the system. 

Dark solitons entered the world of ultracold 
quantum gases about a decade ago, when they 
were first observed’ in Bose-Einstein conden- 
sates (BECs). Ifa gas of bosons (particles with 
integer spin) is cooled to very low temperatures, 
the bosons tend to collectively condense into the 
lowest available quantum-mechanical state, giv- 
ing rise toa BEC. One feature of a BEC is the 
emergence of frictionless flow, or superfluidity, 
which in turn can lead to the appearance of dark 
solitons. By exploiting the exceptional control 
attainable in BEC experiments, researchers have 
achieved several breakthroughs, including con- 
firming the particle-like nature of solitons and 
the elasticity of soliton collisions**. 

The situation changes drastically for a gas 
of fermions — particles with half-integer 
spin. Unlike bosons, fermions are subject to 
the Pauli exclusion principle, according to 
which no two identical fermions may occupy 
the same quantum state simultaneously. To 
condense into a common quantum state with 
a macroscopic number of particles and forma 
superfluid, fermions first have to turn into bos- 
ons, and they can do so by forming pairs that 
have a resulting integer spin. The size of a pair 
crucially depends on the interaction between 
the particles, and determines the underlying 
physics. If the size is small compared with the 
inter-particle spacing, tightly bound molecules 
form and the system condenses into a BEC. If 
the size is much larger than the inter-particle 
distance, weakly bound pairs form and super- 
fluidity ensues — much like the formation of 
Cooper pairs of electrons in superconductors. 
This second regime is known as the Bardeen- 
Cooper-Schrieffer (BCS) regime. 

Theory can conveniently describe these two 
regimes, and the existence of solitons naturally 
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BY VIRGINIA GEWIN 


than Perlstein was frustrated. As a 
Freer etiiona postdoc, he had spent 

five years running an independent lab 
at Princeton University in New Jersey. He 
wanted to continue doing what he had trained 
for, but a tough academic job market meant 
that he had no guarantees. So he decided to 
move to a noted biotechnology hub, Califor- 
nia’s San Francisco Bay area, to try launching 
his own lab without the support of an academic 
institution. 

His goal is to validate a drug-discovery 
protocol and start networking with potential 
investors. Perlstein explored several lab spaces, 
and in July he signed a two-month lease for a 
bench at the Molecular Sciences Institute, a non- 
profit research facility in Berkeley, California. 

Perlstein is one of a growing number of 
young scientists who, stymied by the lack of 
jobs or the slow pace of research in academia, 
are pursuing cutting-edge research in their 
own spaces. Research tools and lab areas are 
becoming more affordable, particularly in the 
communal set-ups dubbed biohacker spaces, 
which seek to enable biological experimenta- 
tion for hobbyists as well as for entrepreneurs. 
Funding schemes aimed at early-stage compa- 
nies are also starting to offer a way to pursue an 
independent science career. Despite the risks, 
the option of launching an individual research 
operation is gaining traction throughout the 
United States and Europe. 

Such routes, however, involve striking out 
into the unknown. Some non-profit, volun- 
teer-driven hacker spaces are struggling to stay 
afloat, and it is not yet clear how independent 
research operations will become sustainable, 
especially if their work has no immediate prac- 
tical applications. Young scientists eager for this 
brash brand of independence should consider 
their research needs, find out which spaces are 
optimally set up to help them, and determine 
how best to secure financial support. 


HACKER CRAZE 
The first biohacker spaces were fuelled by the 
do-it-yourself biology movement, in which 
untrained hobbyists started running bio- 
technology experiments in their kitchens and 
garages (see Nature 467, 650-652; 2010). 
These days, both amateurs and profession- 
als are seeking out cheap lab space. The set-ups 
vary: hackers can rent a stretch of lab bench at 
GenSpace in New York, for example, for US$100 
per month including access to reagents and > 
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> some biotechnology instruction. But scien- 
tists working on specific projects often have 
more specialized needs, and a new model is 
emerging in the United States. The hybrid 
‘hackubator’ fuses the independence and 
affordability of hacker spaces with the entre- 
preneurial bent of biotech business incubators. 

Bio, Tech and Beyond, a hackubator space 
that opened this month in Carlsbad, Califor- 
nia, charges $400 per month fora lab bench — 
much less than the roughly $900 per month of 
conventional biotech incubators. Members get 
access to centrifuges, cell-culture incubators, 
plate robotics and three-dimensional printing, 
as well as help with writing grant applications. 

“Biotech incubators offer company spaces, 
hackubators offer pre-company spaces — when 
it's just you and an idea, but you need the equip- 
ment and connections to biotech and pharma to 
get an idea off the ground,’ says Ryan Bethen- 
court, an entrepreneur involved in planning two 
biohacker spaces in the San Francisco area. 

Several cities are encouraging the develop- 
ment of hacker spaces to create jobs and gen- 
erate tax revenue. Joseph Jackson, co-founder 
of Bio, Tech and Beyond, got his organization’s 
space essentially rent-free from the city of Carls- 
bad; in exchange, he is supposed to help launch 
eight companies within two years. He already 
has eight pilot users and 12 further requests for 
space. “If we can’t make this model work here, 
it won't work anywhere,’ he says. 

Brightwork CoResearch, a biosafety-level-2 
facility for independent scientists, is set to open 
in August next to Rice 
University in Hou- 
ston, Texas, home to 
one of the country’s 
largest medical cen- 
tres and a fledgling 
biotech community. 
Brightwork’s initial 
funding comes from 
a stem-cell biologist 
and a local entrepre- 
neur. There will be 
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the researchers hope — Ethan Perlstein 
to form companies, 
but sustaining their work won't be easy. “The 
big question is, how will groups fund their 
research,’ says co-founder Jacob Schiach. “The 
only thing that matters to me is that people are 
able to push the science they love forward.” 
Europe's budding biohacker scene includes 
La Paillasse in Paris: the continent's largest 
biohacker space, with more than 30 members, 
who pay what they can for the space (even as 
little as €2, or US$2.60) and use mostly donated 
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equipment. Co-founder and president Thomas 
Landrain, a PhD student at the Institute of Sys- 
tems and Synthetic Biology in Evry, France, says 
there are ten projects currently in development; 
at least three, including one focused on produc- 
ing cheap ink from microbes, could become 
start-up projects. La Paillasse is growing rapidly 
and, with public funding and support from the 
mayor of Paris, will soon move toa larger build- 
ing in the city centre, says Landrain. 


INDEPENDENTLY WEALTHY 

Once they have found a space for their work, 
scientists still need to find funding streams. 
That may mean taking on contract research, 
using crowd-funding to get enterprises off the 
ground or winning speciality grants, such as the 
small business innovation research grants from 
the US National Institutes of Health and the US 
National Science Foundation. 

Saul Griffith is the co-founder of OtherLab, 
an independent research lab in San Francisco. 
His company gets roughly 40% of its revenue 
from grants to conduct early-stage, high-risk 
applied research on projects ranging from 
solar energy to robotics for agencies such as 
the US Department of Energy and the Defense 
Advanced Research Projects Agency. Another 
20% is from contract research for companies 
such as Ford and General Electric. The rest 
comes from developing intellectual property 
and selling products — notably the OtherMill, 
a small, computer-controlled mill that can cut 
everything from circuit boards to jewellery. 

UBiome — launched from the California 
Institute for Quantitative Biosciences, a start- 
up incubator at the University of California, 
San Francisco — gets its funding in small 
chunks by selling microbiome-profiling kits. 
For $89, it will sequence the genomes of the 
microbes living in a person’s mouth, gut, nose 
or genitals. It gives individuals insight into 
their bacteria, but co-founder Zachary Apte 
also wants to mine the data to uncover insights 
such as how eating habits influence micro- 
biomes. “I was ready to do my own research 
and had my own ideas to explore, but it takes 
along time to get there taking the academic 
path,’ he says. His is not the only outfit funded 
by the public: earlier this year, three biohackers 
launched a crowd-funding campaign to raise 
the money to bioengineer a glowing plant (see 
Nature 498, 15-16; 2013). They made just 
under $500,000. 

A few funding schemes specifically pro- 
vide early-stage support to high-risk, high- 
reward independent ventures. Schiach has just 
launched SynBio axlr8r, a programme to jump- 
start synthetic-biology companies with fund- 
ing from SOS Ventures, a venture-capital firm 
in Kinsale, Ireland. “The goal of SynBio axlr8r 
is to take an idea through proof of concept to 
form a company within 90 days,” he says. The 
first batch of 10-20 successful applicants will 
get US$30,000 each and a space at a science 
incubator in Cork, Ireland. 


ANDREA DUNLAP 


Saul Griffith funds his independent research in areas such as robotics using grants and contract work. 


Through a scheme called Breakout Labs, 
the Thiel Foundation in San Francisco funds 
early-stage companies working on radical, big- 
risk ideas that are unattractive to federal fund- 
ing and venture capital. Grants of $350,000 
help recipients to reach technical milestones, 
at which point they can start to attract more 
conventional grants or investments. “I 
started a commercial enterprise because I 
wanted tools that didnt exist, to conduct my 
research,’ says Todd Huffman, who used a 
Breakout Labs grant to support 3Scan, an 
early-stage company that he co-founded to 
develop a knife-edge scanning microscope 
that simultaneously cuts and scans tissue 
slices to create three-dimensional models of 
samples. “I wanted to build these tools during 
my PhD and my adviser didn’t think it was a 
good use of time,’ he says. Huffman dropped 
out of his PhD programme but maintains an 
interest in neuron morphology; after estab- 
lishing 3Scan, he hopes eventually to return 
to his PhD with a new set of tools in hand. 

Darren Zhu received a $100,000 two-year 
grant from the Thiel Foundation to leave 
university and become an entrepreneur. He 
is exploring ways to engineer organisms to 
produce novel molecules, a project that could 
help him to find a niche as the pharmaceutical 
industry continues to outsource early-stage 
research and development. “At this stage of 
my life, I can afford to take risks, to swing for 
the fences and see where it takes me,” he says. 
In addition to his Thiel grant, he has money 
from the Bill & Melinda Gates Foundation 
in Seattle, Washington. He used it to buy lab 
equipment from liquidated firms, with which 
he has furnished an independent, industrial 
lab space in Mountain View, California. 


OVERCOMING THE ODDS 

Zhu says that one of the bigger hurdles of 
pursuing an independent path is that much 
of the biotechnology field still places a pre- 
mium on “old-fashioned credentialling” — 
publishing work in prestigious journals or 


having done a postdoc at a reputable insti- 
tution. It is a challenge, he says, but one he 
has overcome by securing high-profile grants 
and fellowships. 

The first challenge that Perlstein encoun- 
tered was finding a space that met his needs. 
He was intrigued by the mix of hobbyists 
and professionals in biohacker spaces but, 
in the end, they just did not work for his 
specialized research. The space he even- 
tually settled on is comparatively pricy at 
roughly $2,000 per month — but it offers 
a fully stocked yeast lab that will allow him 
to hit the ground running, conducting the 
six weeks of experiments that he anticipates 
needing to develop a rapid yeast screen for 
rare-disease therapeutics. 

Bethencourt is helping to plan the Coun- 
ter Culture Labs hacker space in Oakland, 
California, which will provide lab space to at 
least 50 paying members from this autumn 
onwards. But, seeing the need for more spe- 
cialized spaces, he has also co-founded a 
small therapeutics-focused hacking space, 
called Berkeley Biolabs, which is set to open 
this summer. 

Perlstein notes further challenges such 
as finding insurance to cover mishaps at 
a rented lab bench. His biggest hurdle, 
however, may be determining whether his 
research will translate into a viable company 
— and whether he wants it to. 

With funding and positions growing 
more difficult to find in academia, many 
more scientists may become willing to 
take on the risks. And biohackers look- 
ing to continue their work in the face ofa 
dismal funding scene will ultimately form 
their own experimental units. “People are 
taking control,” says Perlstein. “I don’t want 
to give up doing science and I’m willing 
to go the distance to find a way to make 
it work? a 


Virginia Gewin is a freelance writer based 
in Portland, Oregon. 
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EUROPE 
Boost for mobility 


The European Commission (EC) has 
proposed a strategy to boost movement 
into and out of the European Union (EU) 
for students and researchers. In an initiative 
outlined on 11 July, some visa restrictions 
would be eased to help non-European 
scientists to enter the EU and stay for more 
than 90 days. Member states will respond 
to the directive by August. The strategy also 
calls for a January relaunch of the Erasmus 
student-exchange scheme, with a budget of 
€14.5 billion (US$19 billion) for 2014-20 
— a40% increase on 2007-13. The Marie 
Sktodowska-Curie Actions programme 

to fund international researchers will 

have €5.6 billion for 2014-20, but expects 
to recruit an extra 10,000 scientists with 
co-funding from participating countries, 
says EC policy officer Ragnhild Solvi Berg. 


UNITED STATES 
Second postdoc survey 


In a follow-up to an influential study, the 
US National Postdoctoral Association 
(NPA) in Washington DC has launched 
a survey to gather data on postdoc pay 
and benefits, policies, services and 
demographics. Results will be out next 
year. In 2003, Sigma Xiin Research 
Triangle Park, North Carolina, along with 
the NPA and partners, ran the first US 
multi-campus survey on postdocs’ work, 
goals and perceptions of policies and 
practices at their institutions. The results 
informed institutional and federal policy. 
Lorraine Tracey, chair of the NPA board, 
says that the current survey will provide 
longitudinal data. “This will illustrate for 
federal legislators and funding agencies 
how policies can effect change across the 
postdoctorate,” she notes. 


PUBLISHING 
Retractions speed up 


The number of retractions has risen in 
recent years in part because journals are 
acting more quickly, says a study in PLOS 
ONE (R. G. Steen et al. PLOS ONE 8, 
e68397; 2013). R. Grant Steen of MediCC! 
medical-communication consultants 

in Chapel Hill, North Carolina, and his 
colleagues analysed 2,047 papers published 
between 1973 and 2012, and later retracted. 
Those published in or before 2002 were 
retracted in 50 months on average; later, 
retractions took 24 months. Data that 
seemed “too good to be true” may now slip 
by less often, says Steen. “There might be a 
tendency to confront the author” 
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